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The polarographic method of chemical analysis, invented about sixteen 
years ago by Heyrovsk# (31), is based on the interpretation of current- 
voltage curves obtained by electrolyzing solutions of electroreducible or 
electrooxidizablc substances, in a cell in which one electrode consists of 
mercury falling in small, slow drops from a glass tube with a very narrow 
capillary. From the current -voltage curves so obtained both the species 
and the concentration of the electroreducible or clectrooxidizable sub- 
stances in the solution can be determined, and under optimum conditions 
it is possible to detect and determine several substances simultaneously 
from a single c.v. (current-voltage) curve. The method is especially 
suitable for small concentrations (10~ 5 to 10“ 2 molar), and since the 
electrolysis can be carried out with a volume of solution as small as 0.1 cc. 
or even less, mere traces of substances can be determined. Since electroly- 
sis is the most generally applicable method of carrying out oxidation- 
reduction reactions, it is evident that the number of substances subject 
to polarographic determination is potentially very great. The method 
can be used to detect and determine a large variety of organic substances, 
in addition to practically all the common electroreducible inorganic ions; 
hence it gives promise of becoming a universally applicable analytical 
technique in the various branches of chemistry and allied fields. 

Although the polarographic method is a relatively new technique in 
electroanalytical chemistry, it has undergone a remarkably rapid develop- 
ment, due chiefly to the work of Heyrovsk^ (38) and his school at the 
Charles University in Prague (Czechoslovakia) and of a few other in- 
vestigators, notably Hohn (50) in Germany, Semerano (104) in Italy, 
and Shikata in Japan. Until recently the polarographic method was 
practically unknown in this country, and no complete review of the 
subject has heretofore been published. It is hoped that the present 
review of the fundamental principles of electrolysis with the dropping 
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mercury electrode, which is based largely on our own experience, will 
help to stimulate the interest of chemists in this versatile technique. 

I. THE PRINCIPLE OF THE POLAROORAPHIC METHOD 

A typical arrangement for obtaining current-voltage curves with the 
dropping mercury electrode is shown schematically in figure 1. In this 
diagram A is the electrolysis cell containing the solution to be analyzed, 
B is the dropping mercury electrode, and C is a stationary pool of mercury 
on the bottom of the cell which acts as the second electrode. The dropping 
electrode consists of a drawn-out capillary tube, whose internal diameter 
at the tip is about 0.03 mm., connected to a reservoir of mercury. Mer- 
cury drops issue from the capillary at the rate of about one drop every 



Fia. 1. Schematic representation of apparatus for obtaining current-voltage 
curves with the dropping electrode. 

2 to 4 sec. The drops are very small, having a maximum diameter at 
the breaking point of only about 0.5 mm. The cell is connected, in series 
with a calibrated galvanometer G, to the battery and rheostat, by means 
of which an e.m.f. from zero up to the maximum e.m.f. of the battery 
can be applied to the cell. The applied e.m.f. is measured with a potenti- 
ometer, or, if the rheostat is a slide wire of uniform resistance, it can be 
computed in the usual way from the e.u.f. of the battery and the position 
of the sliding contact on the wire. The current-voltage curves are ob- 
tained by gradually increasing the applied e.m.f. and noting the current 
indicated by the galvanometer. The current is ordinarily quite small, 
seldom exceeding 50 microamperes (5 X 10 -8 amperes). 

The dropping electrode is usually connected to the negative pole of the 
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polarizing e.m.f., in which case cathodic current-voltage curves are 
obtained (electroreduction). In certain cases it is also possible to obtain 
anodic current-voltage curves (electrooxidation) by connecting the 
dropping electrode to the positive side of the polarizing e.m.f. 

Since oxygen is readily reduced at the dropping electrode (124) and 
usually interferes with the current-voltage curves of other substances, it 
is generally necessary to remove dissolved air from the solution to be 
electrolyzed by bubbling an inert gas (nitrogen or hydrogen) through the 
cell before (but not during) the electrolysis. 

The typical cathodic current-voltage curve shown in figure 2 was ob- 
tained by electrolyzing an air-free solution of 0.0013 M zinc sulfate in 



Fig. 2. Typical cathodic current-voltage curve obtained with the dropping 
mercury electrode. 

0.1 N potassium chloride (65). In this polarogram the applied e.m.f. 
is plotted on the abscissa and the corresponding current on the ordinate. 
It will be noted that only an exceedingly small current, the “residual 
current,” flowed, through the cell until the decomposition potential was 
reached at an applied e.m.f. of about 1.0 volt. When the decomposition 
potential was exceeded continuous electrolysis began, involving the 
discharge of zinc ions at the dropping mercury cathode to form an ex- 
tremely dilute zinc amalgam and the anodic dissolution of mercury, with 
the subsequent formation of calomel, at the large quiet anode. It will 
be noted that the current did not increase indefinitely with increasing 
applied e.m.f. after the decomposition potential was exceeded, but grad- 
ually approached a limiting value and finally became constant and 
independent of further increase in the applied e.m.f. 
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Under optimum conditions, and with all other factors constant, the 
limiting current is directly proportional to the concentration of the electro- 
reducible substance. This is the basis of quantitative polarography. 

The limiting current is caused by a virtually complete state of concen- 
tration polarization at the dropping electrode. As a result of the discharge 
process, the concentration of the reducible material is depleted close to the 
surface of the dropping electrode, and this loss is compensated by diffusion 
of a fresh supply of reducible material from the body of the solution. The 
rate of diffusion depends directly on the difference in concentration 
between the depleted surface layer and the body of the solution. As 
the e.m.f. is increased above the decomposition potential, the current 
increases, the average concentration at the surface of the mercury drops 
decreases, and the rate of diffusion is correspondingly increased. As the 
applied e.m.f. is further increased, the concentration at the surface of the 
mercury drops becomes so small compared to the concentration in the 
bulk of the solution that the difference in concentration approaches a 
constant average value, equal simply to the concentration in the solution, 
and hence the rate of diffusion also becomes constant. From this point on 
the amount of material discharging, and thus the current, becomes con- 
stant and practically independent of further increase in the applied 
e.m.f. With an excess of some indifferent salt present in the solution, 
the limiting current is determined practically entirely by the rate of 
diffusion, and therefore is called a “diffusion current.” Since the rate 
of diffusion attains a constant value, which is directly proportional to the 
concentration in the bulk of the solution, it is readily understandable 
why the diffusion current is directly proportional to the concentration 
in the body of the solution. A more complete quantitative interpretation 
of the diffusion current will be given in a later section. 

With the dropping mercury electrode the current at each value of the 
applied e.m.f. is not constant but oscillates between a minimum and a 
maximum value as each mercury drop grows and falls. With a sensitive 
D’Arsonval galvanometer of relatively long period (ca. 15 sec.), the 
type usually employed to measure the current, the observed oscillations 
are not very large and the average current can be measured readily with 
a precision of better than 1 per cent. 

It may be mentioned that the necessary conditions that must be ful- 
filled in order to obtain a limiting current are that at least one electrode of 
the cell be very small and that the concentration of the reducible sub- 
stance be not too large. That is, conditions must be such as to favor the 
attainment of an extreme state of concentration polarization. Limiting 
currents are therefore not peculiar to the dropping mercury electrode, but 
may also be obtained with small solid electrodes, such as a platinum 
myjroelectrode, or with a small quiet mercury electrode. For example, 
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in figure 3 is given a cathodic current-voltage curve obtained by electro- 
lyzing an air-free solution of 1.75 X 10~ 8 M thallous chloride in 0.1 N 
potassium chloride, according to the technique already described, except 
that the dropping mercury electrode was replaced by a platinum micro- 
electrode, consisting of a platinum wire 0.2 mm. in diameter sealed into 
the end of a glass tube in the usual way with 1 mm. left exposed (65). 
The first “wave” is due to the discharge of thallous ions and the second to 
the evolution of hydrogen. Mr. H. A. Laitenin in this laboratory has 
found that the diffusion current of thallous ions, and of various other 
ions, with a platinum microelectrode is directly proportional to the 
concentration of the ions. 



APPLIED E.M E VOLTS 


Fia. 3. Cathodic current voltage curve obtained with a platinum microelectrode 


Although a solid microelectrode is in certain respects simpler to use 
than the dropping mercury electrode, it has several disadvantages. With 
a solid microelectrode the current does not become steady immediately 
at each new setting of the applied e.m.f., and several minutes are required 
to obtain a steady reading. Solid microelectrodes are also sensitive to 
vibrations, which disturb the diffusion and cause irregular fluctuations 
in the current. Furthermore, the deposition of base metals at a platinum 
microelectrode is hindered by the evolution of hydrogen. The dropping 
mercury electrode has none of these disadvantages. The (average) 
current becomes steady immediately at each new setting of the applied 
e.m.f. and is independent of the time of electrolysis. Owing to the 
high overvoltage of hydrogen on mercury, even the alkali and alkaline- 
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earth metals can be readily deposited, to give well-defined limiting cur- 
rents (31, 89). 

The favorable behavior of the dropping electrode is due to the fact that 
a fresh mercury surface is continuously being exposed by the growing 
drops; the phenemona at a given drop are exactly duplicated at its succes- 
sor. Hence the current at any point on the current-voltage curve is 
solely a function of the potential of the dropping electrode, and is inde- 
pendent of the previous course of the electrolysis and of the length of time 
that the current has passed. A current-voltage curve obtained by in- 
creasing the in the usual way will generally be retraced exactly 

if the applied e.m.f. is gradually decreased to zero. These unique charac- 
teristics of the dropping electrode have made possible the development of 
the polarographic method. 

The reason for using a relatively large, quiet pool of mercury as the 
second electrode of the cell is that such an electrode remains practically 
depolarized when the solution contains halide or other ions which form 
insoluble salts with mercury. It thus retains a practically constant 
potential independent of the applied e.m.f., and only the dropping elec- 
trode becomes polarized. For example, in solutions of chlorides the quiet 
electrode acquires a potential practically equal to the potential of a 
calomel electrode at the same chloride-ion activity. 

The decomposition potential of a given solution is characteristic of the 
particular electrorcducible substance present. Even more characteristic 
is the so-called “half-wave potential” (44), which, as its name implies, 
is the value of the applied e.m.f., or, better, the potential of the dropping 
electrode against an external reference electrode, at that point on a current - 
voltage curve where the current is equal to one-half of its limiting value 
(sec figure 2). In contradistinction to the decomposition potential, which 
depends to some extent on the concentration of the reducible substance, 
the half-wave potential is, in general, entirely independent of the con- 
centration of the reducible substance, provided that the composition of 
the solution with respect to foreign salts is kept constant (44). The 
half-wave potential of a given substance is also independent of the partic- 
ular capillary used and of its drop time (44). The theory of the half-wave 
potential will be discussed in detail in a later section. It will suffice here 
to point out that qualitative polarographic analysis is based on the charac- 
terization of the half-wave potentials on the current-voltage curves of 
“unknown” solutions. By comparing the half-wave potential on an 
“unknown” current -voltage curve with the known values (38, 60, 44) 
for various substances, the substance responsible for the “polarographic 
wave” can be readily identified, and from the magnitude of the diffusion 
current its concentration can be determined. 
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When several clectroreducible substances are present in the solution, 
each one will produce its own characteristic wave on the current-voltage 
curve, provided the half-wave potentials of the several substances are 
not too close together. The various half-wave potentials generally must 
differ from each other by at least 0.2 volt in order to obtain separate, 
well-defined waves. If the half-wave potentials of two substances are 
too close together, their waves will coalesce to give only a single wave 
on the current-voltage curve. In general, the half-wave potential of a 
given substance is not changed by the preceding discharge of another 
reducible substance. It may be noted, however, as one of the few excep- 
tions to this general rule, that the half-wave potential of hydrogen dis- 
charge is decreased (shifted to more positive value) by adding to the 



E c volts 

Fig. 4. Current-voltage curve of a solution containing several reducible ions 

solution certain substances which decrease the overvoltage of hydrogen on 
mercury, e.g., traces of platinum metals (111, 112) and certain proteins 
and organic compounds containing sulfur (6). 

The concentration of each substance in a mixture can be determined 
from its own wave height; thus it is often possible to obtain a simultaneous 
qualitative and quantitative analysis for several constituents in an un- 
known solution from a single current-voltage curve. For example, the 
current-voltage curve in figure 4 was obtained by electrolyzing an air-free 
0.1 iNT potassium chloride solution which contained lead nitrate, cadmium 
sulfate, and zinc sulfate, each at a concentration of about 5 X lO^ 4 molar 
(65). The individual heights of the three waves are in each case propor- 
tional to the concentrations of the respective ions. 
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The half-wave potentials of many simple (hydrated) metal ions are 
shifted to more negative values when complex-forming salts are added 
to the solution. This fact is often used to separate the polarographic 
waves of two metal ions which would otherwise coincide. For example, 
the half-wave potential of simple lead ions is only about 50 millivolts 
more positive than that of simple thallous ions, and hence the waves of 
these two ions practically coincide. However, by adding a large amount 
of potassium tartrate or potassium cyanide to the solution, the half-wave 
potential of lead is shifted by several tenths of a volt to a more negative 
value, while that of thallium remains practically unchanged; therefore 
in such a solution two well-separated waves are obtained, which allow the 
analytical separation of the two metals. It is possible in many cases to 
determine the instability (complex) constant of the complex formed 
from the magnitude of the shift in the half-wave potential (44). 

The current-voltage curves do not always have the “ideal” shapes 
shown in the preceding figures, but are often distorted by so-called 
“maxima.” That is, the discharge curve rises sharply, but, instead of 
gradually developing into a limiting current, the current increases ab- 
normally and practically linearly with the applied e.m.f. until a certain 
potential is reached, and then decreases more or less rapidly towards a 
limiting value. A more or less sharp maximum or peak in the current- 
voltage curve thus results (see section VIII). The characteristics of such 
maxima and methods of eliminating them, which are necessary for purposes 
of quantitative polarographic analysis, will be discussed in detail in a 
later section. 


II. THE POLAROGRAPH 2 

In 1925 Heyrovsk^ and Shikata (46) invented an instrument called 
the polarograph, which automatically obtains, and photographically 
records, current-voltage curves. Since Heyrovsk# and Shikata (46, 38) 
and Holm (50) have given excellent detailed descriptions of the construc- 
tion and manipulation of the polarograph, only the principle of the in- 
strument need be discussed here. 

The principle of the polarograph is shown schematically in figure 5. 

* Various models of the Heyrovsky polarograph may bp purchased from the firm 
of Drg. V. and J. Nejediy, Prague XIX, Vokovice, Husova tr. 76, Czechoslovakia. 
Polarographs are also manufactured by E. Leybolds Nachfolger A. G., Kfiln-Bayen- 
thal, Bonner Str. 500, Berlin N. W. 7. The Leybold instrument has been described 
in detail by Hohn (50). The Leeds and Northrup Company of Philadelphia has 
constructed a few polarographs on special order, in which they incorporated the 
principles of their well-known ‘'Micromax” potentiometer recorder. The details of 
this instrument may be obtained from Dr. V. M. Meloche of the University of Wis- 
consin or Dr. B. Clarke of the Bell Telephone Laboratories in New York City. 
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In this figure D is the electrolysis cell containing the solution to be ana- 
lyzed. B is essentially a potent iometric bridge, consisting of a cylinder 
of insulating material wound with a rather low resistance wire (ca. 15 
ohms) in exactly twenty turns, by means of which a variable e.m.f. is 
applied to the cell. Current for the bridge is obtained from the storage 
battery H, and the total potential drop across the bridge can be exactly 
adjusted to any desired value (usually 2 or 4 volts) by a regulating re- 
sistance and comparison against a Weston standard cell in the usual 
manner. Each turn of the bridge wire then corresponds to, let us say, 
100 or 200 millivolts of applied e.m.f. The bridge is rotated by a small 



Fig. 5. Principle of the polurogrnph 


electric motor A. A roll of sensitive photographic paper is carried by the 
cylinder C, enclosed in a light-tight housing, and connected by a system 
of gears to the bridge so that the two revolve simultaneously. The gear 
ratio is accurately adjusted so that one complete revolution of the bridge 
(100 or 200 millivolts) corresponds to about 1 cm. on the photographic 
paper. G is a powerful galvanometer light, the beam of which is reflected 
onto the photographic paper by the mirror of the sensitive D’Arsonval 
galvanometer E. The galvanometer is connected into the circuit in 
parallel with an Ayrton shunt F, by means of which its sensitivity may be 
regulated. When current flows through the galvanometer, the light beam 
traces a thin line on the photographic paper parallel to the axis of the roll. 
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With the cell in readiness and the dropping electrode in operation, the 
bridge is turned back until the moving contact (small grooved wheel) is at 
zero. The motor is then started, and the bridge and photographic roll 
revolve slowly at a uniform speed, which applies a uniformly increasing 
e.m.p. to the cell. As long as the applied e.m.f. is less than the decomposi- 
tion potential, the current through the cell is very small (residual current), 
the beam of light from the galvanometer remains practically stationary, 
and the slow rotation of the drum traces a line along the circumference of 
the photographic roll. When the decomposition potential is reached, the 
increase in current through the cell circuit deflects the galvanometer, and 
the light beam traces a line approximately parallel to the axis of the roll; 
this is the discharge curve or polarographic wave. When the limiting cur- 
rent is reached and the light beam attains a constant displacement, the 
limiting current is traced as a circumferential line on the photographic roll. 

The photographic roll is enclosed in a housing provided with a narrow 
collimating slit through which the light beam from the galvanometer 
enters. Each time the roll turns through a distance of 1 cm. (100 or 200 
millivolts of applied e.m.f.) an auxiliary light, automatically flashed on, 
illuminates the entire length of the slit, and a thin line is printed on the 
paper. These lines mark the increments of applied e.m.f. The diffusion 
current is computed from the measured height of the polarographic wave 
and the known sensitivity of the galvanometer. 

The polarograph has several advantages over manual measurement. 
In the first place, the curves can be obtained in a fraction of the time 
required to obtain them manually; a complete curve can be recorded in 
10 min. or less. Several curves can be recorded on a single sheet of 
photographic paper, and a permanent record is thus obtained in a single 
operation. A continuous curve is obtained, instead of a scries of points; 
hence very small waves, or slight peculiarities which might otherwise 
escape notice, are automatically detected. 

Although a polarograph is very convenient, it is expensive and is not at 
all essential for obtaining current-voltage curves For this reason we 
shall briefly describe a simple circuit which we have found very convenient 
for obtaining current voltage curves manually, and with which most of 
the current-voltage curves that we studied were obtained (65, 66). 

The principle of the circuit is shown in figure 6 . The e.m.f. applied 
to the cell was regulated by means of a rheostat, consisting of two radio 
rheostats of the “potentiometer” type, connected in series. . A four-dial 
precision resistance box (9999 ohms), indicated by R in figure 6, was 
connected in series with the cell; by measuring the potential drop across 
this resistance with a potentiometer the current through the cell could be 
readily determined by applying Ohm's law. This method of measuring 
the current is very precise and accurate, but was somewhat unhandy. 
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To facilitate the current measurement a galvanometer, with suitable 
shunts for regulating its sensitivity, was also connected in series with the 
cell and the standard resistance. The e.m.f. applied to the cell, the 
potentials of the dropping electrode and of the quiet electrode against a 
saturated calomel reference electrode (S.C.E. in figure 6), and the potential 
drop across the standard resistance were all measured with a potentiometer. 
In order to facilitate these readings, a circular six-position double-pole 



Fig. 6. Simple circuit for obtaining current-voltage curves manually 

selector switch was used, as shown in figure 6. A Weston standard cell 
was also connected to one position of the selector switch for calibrating 
the potentiometer. Further details regarding the use of this simple 
circuit are described elsewhere (66). 

Although the manual method of measurement was not as convenient as 
the use of the almost automatic polarograph, it possessed the advantage 
of somewhat greater precision and accuracy, which was more important 
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than convenience for our purpose of critically studying the polarographic 
method. The circuit in figure 6 has the additional advantage that the 
potentials of the dropping and quiet electrodes can be measured separately 
during the electrolysis. It should be mentioned that the magnitudes of 
the limiting and diffusion currents are entirely independent of the charac- 
teristics of the measuring circuit. On the other hand, the magnitude of 
the oscillations in the current during the formation of each mercury drop 
depends on the characteristics of the particular galvanometer used, and 
the heights of the maxima depend on the magnitude of the external re- 
sistance in the cell circuit (7), as will be discussed later. 

Matheson and Nichols (78) have recently described a new type of 
polarograph, employing alternating current, and a cathode ray tube 
oscillograph. A similar instrument has also been described by Miiller, 
Carman, Droz, and Petras (82). Schmidt (102) has recently described 
another modification of the Heyrovsky polarograph. 

HI. FABRICATION OF THE CAPILLARIES AND THE DROPPING ELECTRODE 

The capillaries are usually fabricated by drawing out the end of a 20-cm. 
length of Pyrex capillary tubing, of about 0.5 mm. internal diameter, 
until the internal diameter of the tip is about 0.03 to 0.04 mm. The end 
of the tube is thickened in the flame before drawing, so that the tip will 
not be too slender and fragile. The tip, which should have a uniform 
internal diameter, is cut off until the length of the narrowest part is about 
2 cm. The exact dimensions must be decided by trial and error, until a 
capillary is obtained the drop time of which in 0.1 N potassium chloride 
can be readily adjusted to between 3 and 4 sec., by suitable adjustment 
of the pressure on the dropping mercury. 

Maas (68) has made a very thorough study of the preparation of capil- 
laries for the dropping electrode. He prepared the dropping electrode by 
cementing a 2- to 3-cm. length of commercial thermometer tubing (internal 
diameter about 0.03 mm.; into a wider glass tube, which was connected 
to the mercury reservoir. Siebert and Lange (109) also recommend this 
method; they used 6- to 8-cm. lengths of thermometer tubing of about 
0.05 mm. internal diameter. 

In order to obtain a strict linear relation between the diffusion current 
and the concentration of a given reducible substance, the drop time 
(time for the formation of each mercury drop) must not be too short. 
Maas (68) found that the drop time must be about 4 sec. or longer. We 
(65, 66) obtained a strict linear relation with capillaries the drop time of 
which in 0.1 N potassium chloride, with the dropping electrode discon- 
nected from the polarizing E.M.F., was about 3 sec. If the drop time is too 
short, the diffusion current tends to be relatively too great at very small 
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concentrations, i.c., less than about 10” 4 M . On the other hand, if the 
drop time is too long, the current oscillations during the formation of 
each mercury drop are so great that it is difficult to measure accurately 
the average current. The optimum drop time is from 3 to 6 sec. 

The capillary is usually connected to the mercury reservoir by a length 
of rubber pressure tubing, and the pressure on the dropping mercury can 
then be adjusted by simply raising or lowering the mercury reservoir. An 
ordinary leveling bulb is used as a mercury reservoir. This is a simple 
method, but it involves the danger of impurities from the rubber tube 
getting down into the very fine capillary tip and clogging it. In order to 



Fin. 7. Dropping electrode and electrolysis cell 

avoid all possible contamination from rubber connections, we sealed the 
capillary directly to the mercury reservoir, as shown in figure 7. The 
pressure applied to the dropping mercury was regulated by means of two 
mercury leveling bulbs, as shown in figure 8. The total pressure on the 
dropping mercury is equal to the height of the mercury column in the 
dropping electrode itself, plus or minus the pressure indicated by the open- 
end mercury manometer. The pressure required to operate the dropping 
electrode depends, of course, on the characteristics of the particular 
capillary used; it is usually between 20 and 60 cm. of mercury. 

When not in use the tip of the dropping electrode should be kept im- 
mersed in pure mercury, with the pressure reduced to prevent the mercury 
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in the reservoir from draining out. Before the electrode is placed in a 
solution, the pressure is increased so that the mercury drops issue from 
the capillary and thus prevent the solution from entering the tip. After 
long use the capillary may become partially dirty on the inside and behave 
erratically. When this happens, the mercury is removed and aqua regia 
is sucked through the tip into the bulb, by partially evacuating the latter. 
The aqua regia is then removed by thorough rinsing with pure water, 
and the capillary is dried by drawing a current of dry filtered air through 
it. With these simple precautions it is possible to use a single capillary' 
indefinitely. At the time of this writing we are using a capillary that has 
been in daily use for over a year, during which time it has been cleaned 
several times without noticeably changing its properl ies. 



Fig. 8. Arrangement for regulating the pressure on the dropping mercury 
IV. TYPES OF POLAROGRAPHIC CELLS 

A few of the most common types of polarographic cells that have been 
described in the literature (mainly by Heyrovsk#) are shown in figure 9, 
which has been taken from the monograph of Hohn (50). These cells 
are very convenient for practical analytical work. Cells d and e are of 
the type most commonly used; electrical connection to the quiet electrode 
is made by means of a platinum wire sealed through the bottom of the 
cell as shown, and the side tubes are for the ingress and exit of nitrogen or 
hydrogen. Cells c and g are for the electrolysis of a very small volume of 
solution, and the arrangement shown under b is for the electrolysis of a 
single large drop. An ordinary small beaker may serve as a simple cell 
when the electrolysis can be carried out without removing air from the 
solution, as shown under a. Cell f is used for collecting and weighing the 
mercury drops. The vessel h is for freeing the mercury for the quiet 
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electrode from air before introducing it into the cell; this is often desirable. 
The vessel, containing the proper amount of mercury, is connected into 
the gas line with one side tube connected to the gas inlet tube of the cell. 
After nitrogen or hydrogen has been passed through the system, the vessel 
is inverted so that the de-aired mercury flows into the cell. 





Fig. 9. Various types of polarographie cells 


Majei (74) has recently described in detail various types of cells that 
are particularly suited for microchemical analysis, as well as other special 
apparatus for micropolarograpliic work. 

In certain cases it may be necessary to work with the cell in a thermostat 
and to measure the potentials of the dropping electrode and of the quiet 
electrode against an external calomel reference electrode during the 
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electrolysis. The cell shown in figure 7 (65, 66) is very suitable for these 
purposes. Mercury for the quiet electrode is poured into the cell until 
it rises part way into the capillary side tube A, and electrical connection 
is made by means of a platinum wire immersed in the mercury in this side 
tube. This method of making electrical connection eliminates trouble- 
some platinum- Pyrex seals. The capillary side tube B is for the intro- 
duction of nitrogen or hydrogen, and C is a gas outlet trap, containing 
either pure water or a little of the cell solution. The salt bridge D, 
designed by Irving and Smith (58), is usually filled with the same solution 
as in the cell. The ground-glass plugs in the ends of this bridge effectively 
prevent mixing of the bridge and cell solutions. The external end of the 
bridge dips into an intermediate vessel E, filled with concentrated potas- 
sium chloride solution, into which the side arm of the calomel electrode 
also dips. 

As already mentioned, oxygen is reduced at the dropping electrode; 
hence dissolved air must usually be removed from the solution to prevent 
the oxygen wave from masking the waves of other substances. The time 
required to remove dissolved air, by bubbling nitrogen or hydrogen through 
the solution, is usually about 15 to 30 min. The gas stream is stopped 
before the electrolysis, because its stirring effect causes irregular fluctua- 
tions in the current. 

Instead of using a quiet mercury electrode as the second electrode of the 
cell, it is often more convenient to use an external calomel, or mercury- 
mercurous sulfate, electrode for this purpose, as recommended by Hohn 
(50) and Maassen (69). The external electrode is connected to the cell 
by a low-resistance salt bridge. This method is especially suitable for 
practical routine work, because it eliminates the use of the extra mercury 
for the quiet electrode. 

V. THE POTENTIAL OF THE QUIET ELECTRODE AND ITS SIGNIFICANCE IN THE 
EVALUATION OF IIALF-WAVE POTENTIALS 

The half-wave potentials of a current voltage curve are characteristic 
of the particular electroreducible, or electrooxidizable, substances present, 
provided the values are referred to an external reference electrode of 
constant known potential. However, when the current -voltage curves 
are obtained by use of the polarograph, the observed half-wave values arc 
in terms of the total applied e.m.f. rather than of the potential of the 
dropping electrode itself; hence they depend on the potential of the quiet 
electrode as well as on that of the dropping electrode. Since the potential 
of the quiet electrode is a variable quantity, depending on the nature and 
concentration of the foreign salts present in the solution, the values of 
the half-wave applied e.m.f. are not characteristic of the reducible sub- 
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stances present. However, if the potential of the quiet electrode is known, 
the characteristic half-wave potentials of the dropping electrode can be 
deduced from the half-wave values of the total applied e.m.f. 

If the potential of the dropping electrode is measured against an external 
reference electrode during the electrolysis (manual measurement), or if 
the external electrode is actually employed as the second electrode of the 
cell (measurement with the polarograph), the characteristic half-wave 
potentials will, of course, be obtained directly. This is the method that 
we prefer, but it is not common polarographic practice. 

The usual practice is to measure the potential of the quiet electrode 
(usually the anode) against an external calomel reference electrode, either 
at the beginning or at the end of an experiment, and the potential of the 
dropping electrode is then computed from the simple relation, 

E a ~ Eg § — Ed * ( 1 ) 

In this equation E a is the total e.m.f. applied to the cell, E d f is the 
potential of the dropping electrode, and E q t is the potential of the quiet 
electrode. The signs of E d « and E q e arc taken to be negative when the 
electrode in question is negative to the calomel reference electrode, and 
positive when the electrode is positive to the calomel electrode It is 
usually assumed that the potential of the quiet electrode remains con- 
stant during the electrolysis, and the half-wave potentials of the dropping 
electrode are then computed from the half-wave values of the applied 
e.m.f. by means of equation 1 

Majer (76) has shown that the quiet electrode remains depolarized 
during the electrolysis (retains a constant potential) if its area is greater 
than about 1 cm 2 ., and also if the solution contains halide ions or other 
ions that form insoluble salts with mercury. Our experience is in accord 
with that of Majer. 

When the mercury for the quiet electrode is added to a dilute chloride 
solution, sufficient mercurous chloride is formed by interaction of the 
mercury with chloride ions, hydrogen ions, and dissolved oxygen to satu- 
rate the solution with calomel before the air is removed, and the quiet 
electrode thus acquires the potential of a calomel electrode corresponding 
to the particular chloride-ion activity. The same principle applies when 
the solution contains iodide, bromide, hydroxide, and various other ions 
that form insoluble compounds with mercury. Since the current passing 
through the polarographic cell is very small, usually less than 60 micro- 
amperes, the current density at the relatively large quiet electrode is 
exceedingly small. In a solution already saturated with a mercurous 
salt, the only effect of this small current at the quiet electrode will be to 
increase or decrease the amount of the solid mercurous salt, with no 
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appreciable change in the potential-determining activity of the mercurous 
ion, and therefore the potential of the quiet electrode remains constant 
during the electrolysis. 

VI. THE DIFFUSION CURRENT 

It has already been mentioned that the phenomenon of a limiting 
current is caused by an extreme state of concentration polarization at the 
dropping electrode. When a limiting current is reached, the average 
concentration of the electroreducible substance at the surface of the 
mercury drops has been reduced to a very small minimum value, which is 
negligibly small compared to the concentration in the bulk of the solution. 
In other words, at potentials corresponding to the limiting current, the 
reducible substance is being reduced as fast as it reaches the surface of the 
dropping electrode. Under these conditions the current will evidently 
be determined by the rate of supply of the reducible substance from the 
body of the solution. 

In the most general case reducible ions will be drawn to the depleted 
region very close to the surface of the dropping electrode by two forces: 
( 1 ) a diffusive force, proportional to the concentration gradient between 
the surface of the mercury drops and the body of the solution, and ( 2 ) an 
electrical force, proportional to the electrical potential gradient around the 
mercury drops. In general, then, reducible ions are supplied to the 
surface of the dropping electrode partly by diffusion and partly by electrical 
migration, so that the limiting current can be regarded as the sum of a 
“diffusion current” and a “migration current” (53). 

The current through an electrolyte solution is carried impartially by 
all the ions present. The fraction of the total current carried by any 
particular species of ion depends on its relative concentration in the 
solution, and, to a lesser degree, on its valence and intrinsic mobility; in 
other words, on its transference number in the particular solution in 
question. Therefore, if a large excess of an indifferent 1 * 3 salt is added to a 
solution of a reducible salt, the current through the solution will be carried 
practically entirely by the ions of the added salt. Under these conditions 
electrical migration of the reducible ions, and hence the migration com- 
ponent of the limiting current, will be practically completely eliminated, 

1 An indifferent salt, in electroreductions, is one that is reduced at a more negative 

potential than the reducible substance in question, and one that does not form com- 

plexes, or react specifically in other ways, with the reducible substance. Because of 
their very negative reduction potentials, the salts of the alkalies and alkaline earths 
and ammonium salts are usually used as indifferent salts. Tetrasubstituted alkyl- 
ammonium salts are commonly used in polarographic analysis for the alkali and 
alkaline-earth ions. 

I 
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and the limiting current will be solely a diffusion current. From an 
analytical viewpoint the most important characteristic of the diffusion 
current is that, with all other factors constant, it is directly proportional 
to the concentration of the reducible ions. 

The diffusion current, at a given concentration, is influenced by various 
factors, such as the geometrical properties of the particular capillary used, 
the pressure on the dropping mercury and the drop time, the diffusion 
coefficient of the reducible substance, and the temperature. In this 
section the influence of these factors will be discussed in some detail. 
The characteristics of the migration current will be considered later 

It may be well to emphasize that the current measured with the dropping 
electrode is an average value during the life of the mercury drops, that is, 
it is the average of the observed current oscillations as each mercury drop 
is formed. From the investigations of Ilkovifi (54), who measured the 
actual change in current during the life of individual drops with an oscillo- 
graphic arrangement, and from the theoretical discussion given below, it is 
known that the current often increases many fold during the life of each 
mercury drop The actual variation depends on many factors, such as 
the concentration of both the reducible and foreign substances, the poten- 
tial of the dropping electrode, and the resistance in the cell circuit (7, 54). 
However, the current oscillations occur with a period corresponding to the 
drop time, which is usually so much shorter than the period of the current- 
measuring galvanometer that the latter cannot follow the entire change in 
current, but simply oscillates with relatively small amplitude around the 
average value. 

J. The llkomd equation for the diffusion current 

Ilkovitf (53) has derived an equation for the diffusion current in terms 
of the concentration of the reducible substance, its characteristic diffusion 
coefficient, the amount of mercury flowing from the capillary per second, 
and the drop time. The Ilkovi£ equation has recently been re-derived in a 
more exact way by MacGillavry and Rideal (72) Although space does 
not permit the detailed reproduction of these derivations, we shall outline 
the essential steps involved. 

When an excess of some indifferent salt is present in the solution, the 
diffusion current will be determined by the amount of the reducible 
substance that diffuses up to the surface of the dropping electrode per 
second. The instantaneous value of the diffusion current, at any instant 
during the life of a mercury drop, is given by 

i = nF(±rr 2 f) (2) 

in which n is the number of electrons involved in the reduction of one 
molecule of the reducible substance (or the number of faradays of elec- 
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tricity required for the reduction of one mole), F is the faraday, r is the 
radius of the mercury drop at any time t*, during its life, measured from 
the beginning of the drop formation, and / is the flux of the reducible 
substance (amount diffusing per square centimeter per second) at the 
mercury -solution interface (53). The method of derivation used by 
IlkoviS and by MacGillavry and Rideal consists in obtaining expressions 
for the flux, /, and the radius of the drop, r, from which an instantaneous 
value of the diffusion current can be computed. The average value of the 
diffusion current is then obtained by integrating over the life of the drop. 

Because the expansion of the growing mercury drops causes a corre- 
sponding expansion of the surrounding solution, the diffusion of the 
reducible substance takes place in a medium that is moving with respect 
to ihe surface of th^ mercury drops. The diffusion layer around each 
mercury drop is a spherical shell, which expands and becomes thinner 
as the drop grows. The concentration of the reducible substance varies 
from a relatively very small value at the mercury-solution interface to its 
concentration in the body of the solution at the outside of the diffusion 
shell. On the basis of these considerations llkoviS and MacGillavry and 
Rideal derived the following expression for the instantaneous current at 
any time, t*, during the life of a drop. 

•- 4 ( t Y "M " 0 <3> 

In this equation C is the concentration of the reducible substance in the 
body of the solution, r is the radius of the mercury drop at the time t*, and 
D is the diffusion coefficient of the reducible substance. The average 
current during the life of each drop, designated by is given by 

it = (1/0 j f i d< = 24ir m nFD m CrLj(21) m t w (4) 

in which t is the drop time and r m „. is the maximum radius of the drops. 

If m is the weight of mercury flowing from the capillary per second, then 
the weight of an individual mercury drop is mi, and the volume of each 
drop, assumed to be spherical, will be given by 

V = (4/3)rri«. = mi/d • (5) 

where d is the density of mercury (13.6 g. per cubic centimeter). Hence, 
in terms of m and t, the maximum radius of each drop is 

r max = (6) 

By substituting this expression for ' r m .x into equation 4 and collecting 
all the numerical constants into a single term, we finally obtain 

i it « 0.627nFD llt Cm il H ll> 


( 7 ) 
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which is tho equation for the diffusion current derived originally by 
Ilkovif \s will be shown later, diffusion currents calculated from the 
Ilkovitf equation arc 1 , in most cases, in satisfactory agreement with the 
experimentally observed values. 

We shall now consider the influence of the various factors, n, D, C, m, 
and t y on the diffusion current. 

2. Influence of the geometrical characteristics of the capillary on the diffusion 

current 

The quantities m and t in the Ilkovif equation obviously depend on the 
geometrical characteristics of the particular capillary used; they also 
depend on the pressure on the dropping mercury and, to a lesser degree, 
on the temperature. The observed effects can be interpreted satis- 
factorily by making use of the familiar hydrodynamical equation of 
Poiseuille, 

W « irdPRH/8Ln (8) 

In this equation W is the weight of a liquid of density d and viscosity 
coefficient 17, that flows in t seconds from a capillary tube of radius R and 
length L under the pressure P. In the case of the dropping electrode, if t 
is taken as the drop time, then W will be the weight of a single drop, and 
the weight of mercury flowing from the capillary per second will be given by 

m = W/t = it dPR A /8Lr\ (9) 

According to this equation m will be directly proportional to P, and t will 

b' inversely proportional to P. In view of these relations the product 

6 becomes 

m 2lz V /8 - (fc'P) 2 ^(fc"/^) l/8 - *P 1/2 (10) 

and tho Ilkovitf equation becomes 

i d = 0.627 knFD 1 /2 CP r « 2 (11) 

Therefore, if all other conditions are kept constant, the diffusion current 
should be directly proportional to the square root of the pressure on the 
dropping mercury. Ilkovif (53) and Maas (68), particularly the latter, 
have shown that this is actually the case. 

For example, Ilkovid (53) found the following values of the diffusion 
current of 0.001 M mercuric chloride in 0.01 N sodium chloride, at various 
values of the pressure, P, on the dropping mercury. 


id in mm. 

28 0 

30 5 

33 0 

35 5 

37.6 

P in cm. 

39 1 

46.3 

53 2 

62.4 

70.1 

U/P 1 '* 

4.48 

4.49 

4.46 

4.49 

4.48 
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The diffusion current is expressed in terms of millimeters of galvanometer 
deflection. As predicted by equation 11, the ratio i d /P 1/2 was constant 
over a range of pressures that varied almost twofold. 

From an analytical viewpoint an important conclusion to be drawn from 
the foregoing relations is that two different capillaries will give the same 
diffusion current in a given solution when the product m 2l H 11 * is the same 
for both. This conclusion has been verified with many different capil- 
laries by Maas (68). For example, he obtained the data in table 1 with 
six different capillaries. These data were obtained by electrolyzing 
0.005 N solutions of cadmium chloride in 0.1 N potassium chloride (air- 
free) at 25°C. It is seen that the linear relation between id and m m t 1/6 is 
obeyed with an accuracy of about ±1.5 per cent. 


TABLE 1 

Linear relation between id and m i,l t xl 8 (Maas) 


CAPILLARY 

t 

m*/* !>/• 

»<j 

id/m*/* «»/• 


second* 

mg.*/* sec: »/* 

microamperes 


1 

6.43 

0.784 

6.92 

8.83 

2 

9.28 

0.814 

7.26 

8.92 

3 

5.90 

0.854 

7.88 

9.23 

4 

4.89 

1.108 

10.05 

9.07 

5 

4.10 

1.288 

11.73 

9.11 

6 

3.17 

1.508 

13.82 

9.16 

Average 

9.04 db 0 



It should be noted that the foregoing values of t and id were measured 
at a potential of the dropping electrode of —0.75 volt against a normal 
calomel electrode. As will be shown later, t , and hence the product 
m 2/3 $ 1/6 , depend on the potential of the dropping electrode; therefore 
these quantities should be determined at the potential at which the diffu- 
sion current is measured. 

It is interesting to compare the foregoing data of Maas with corre- 
sponding data obtained by Lingane (65) under the same conditions. 
Lingane electrolyzed a 0.005 N (0.0025 M) solution of cadmium sulfate 
in 0.1 N potassium chloride at 25°C., and found a diffusion current of 
20.0 microamperes, with a capillary for which m was 2.626 mg. sec.” 1 and 
t was 2.88 sec. at = —0,8 volt against a saturated calomel electrode. 
Hence, in Lingane’s experiment, the product m 2/ V /e was equal to 2.28 
mg. 2/a sec ~ 1/2 . and the quotient i d /m 2, H 11 * was 20/2.28 = 8.77. This 
quotient agrees to within about 3 per cent with the foregoing average 
value found by Maas, even though the drop time was much shorter than, 
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and the product m 2, H 1/6 was about twice as great as, the average values 
of these quantities in Maas' experiments. This comparison of entirely 
independent data of different workers constitutes further confirmation of 
the linear relation between id and m 2/3 £ l/6 predicted by the Ilkovifc equation. 

We may therefore state as a fairly accurate rule (within ca. ± 3 per 
cent) that diffusion currents obtained under otherwise identical conditions 
with various different capillaries will bear the same ratios to each other as 
the products m 2/ ^ 1/6 of th< various capillaries , provided the drop time is at 
least 3 sec. or greater . The importance of this rule in quantitative 
polarography is at once evident, since it makes possible a simple correla- 
tion of diffusion currents obtained with different capillaries. 

It is strongly recommended that future workers in the field of 
polarography include data for m, t , and the product w 2/a f 1/6 in their reports, 
so that the diffusion current data will be on a common basis for com- 
parison. It has been more or less common practice to report diffusion 
current data in terms of millimeters of galvanometer deflection, and in 
many cases the sensitivity of the galvanometer has not been specified. 
It is hoped that future authors will convert such data to microamperes 
in their published reports, so that their results can be compared with 
those of other workers. 

3. The product m 2/ W /e as a function of the potential of the dropping electrode 

It has been shewn by various workers, llkovif (53), Maas (68), Kueera 
(63), and Lingane (65, 66), among others, that at a given pressure the 
amount of mercury flowing from a capillary per second, m, is practically 
constant and is independent of the potential of the dropping electrode. 
On the other hand, the weight of each mercury drop, W , and the drop 
time, t, are practically directly proportional to the interfacial tension at 
the mercury-solution interface (63). As is well known, the interfacial 
tension, a, at a mercury-solution interface, and therefore t, vary with the 
potential of the dropping electrode; the parabolic curve obtained by 
plotting (t or t against the potential of the dropping electrode is the so- 
called electrocapillary curve of mercury. It is to be expected, therefore, 
that ra 2/J f l/6 will vary with the potential of the dropping electrode, ap- 
proximately according to the sixth root of <r, and that id will vary corre- 
spondingly and not be strictly constant at various values of E d 

The extent to which m } t, and the product m 2/3 f l/6 vary with the potential 
of the dropping electrode, in air-free 0.1 N potassium chloride solution, is 
illustrated by the data in table 2 (65, 66; see also reference 53). 

The collection of a specified number of mercury drops, required for the 
determination of w, was accomplished without admitting air to the cell 
and without removing the cell from the thermostat, by means of the 
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simple arrangement shown in figure 10. The detailed manipulations are 
described elsewhere (66). 

It will be noted from the data in table 2, that m was practically constant 
and independent of the potential of the dropping electrode. The drop 

TABLE 2 

The product aa a function of the potential of the dropping electrode in 0.1 N 

potassium chloride 

P *= 21.8 =fc 0.2 cm.; temperature «■ 25 ° C .; air was removed from the solution with 

purified nitrogen 


Ed.* 

i 

m \ 

t 

!»*/* 

volt* v s. S.C.E. 

microamperes 

mg. see. 1 

seconds 

t ngM* we .- i /* 

0.0 

- 0.18 

2.651 

2.75 

2.27 

- 0.5 

+ 0.10 

2.621 

3.08 

2.29 

- 0.8 

0.21 

2.626 

2.88 

2.28 

- 1.1 

0.29 

2.625 

2.66 

2.24 

- 1.5 

0.38 

2.672 

2.18 

2.18 

- 1.9 

0.70 

2.681 

1.56 

2.08 



Fig. 10. Arrangement used to collect mercury drops for the determination of the 
amount of mercury flowing from the capillary per second. 


time, t, on the other hand, first increased, then passed through a maximum, 
and finally decreased quite rapidly, with increasing negative potential. 
The drop weight behaved similarly. A plot of either the drop weight, 
or f, against E d .e. gives the elcctrocapillary curve in this solution. 

The change in the product m 2f *t 11 * with increasing negative potential 
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followed the same general course as the electrocapillary curve, but the 
variation in m 2, H lf 6 was, of course, much less, because it depends on only 
the sixth root of t. At potentials from zero up to about —1.0 volt, the 
product m 2, H u 6 was constant to within about ±1 per cent, but at potentials 
more negative than —1.0 volt it decreased rapidly. 

It was also found (65, 66) that the product m 2l H 1/6 was the same in 0.001 
N as in 1 N chloride solutions, and also the same as in 0.1 N potassium 
chloride at the same potential when cadmium or thallous ions were dis- 
charging. Furthermore, the presence of oxygen and its simultaneous 
discharge with thallous ions had no appreciable effect on the product 
m 2 'V' 4 * 6 . 

In addition to being independent of the potential of the dropping 
electrode, m is also practically independent of the medium in which the 
mercury drops form, that is, independent of the interfacial tension at the 
surface of the mercury drops, provided the pressure and the temperature 
are kept constant. This is demonstrated by the following data, which we 
obtained when the mercury drops were forming in various media. The 
same capillary was used as in table 2, and the pressure was kept constant 
at 21.8 cm. 


MEDIUM 


m 

Water 

seconds 

3.20 

mo. seer 1 

2.69 

0.5 N KC1 

3.00 

2.65 

0.1 iV KI 

2.30 

2.64 

Air 

20.1 

2.64 


According to the IlkoviC equation id is directly proportional to < 1/6 , 
and therefore it is to be expected that u will not be strictly constant at 
various potentials, but should decrease appreciably at potentials more 
negative than about —1.0 volt. This effect has actually been demon- 
strated by Ilkovif (53). For example, in the electrolysis of 0.001 M 
mercuric chloride in 0.01 N sodium chloride, he obtained the data given 
in table 3. It is evident that the decrease in u with increasing negative 
potential must be taken into account when comparing the diffusion currents 
of the same concentration of two different substances, if the half-wave 
potentials of the two substances are far apart. 

4. The relation between the diffusion current and the concentration of the 

reducible substance 

With all other conditions constant, it is evident from equation 7 that 
the diffusion current should be directly proportional to the concentration 
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of the reducible substance. This is, of course, the most important charac- 
teristic of the diffusion current from an analytical viewpoint. The 
linear relation between id and C has been verified by many workers, in 
the reduction of both organic substances and inorganic ions (38, 50, 65, 66, 
68 ). 

We (65, 66) tested the relation between id and C in the discharge of 
thallous, lead, cadmium, zinc, iodate, and ferricyanide ions from 0.1 N 
potassium chloride solutions containing a trace of methyl red to eliminate 
the maxima. In the case of the four metal ions the linear relation was 
obeyed within about ±1.5 per cent over a concentration range from 10 * 4 
to 10~ 2 molar, after proper correction was made for the residual current 
found with the 0.1 N potassium chloride solution alone (table 2). In 
the case of iodate ions the linear relation was obeyed from 10“ 4 to 10~ 3 
molar, and in the case of ferricyanide ions from 10 -4 to 3 X 10“ 8 molar 
(65, 66). 


TABLE 3 

Variation of id with the potential 


Ed... 

t (ten drops) 

td 


volt* 

teeond* 

mm. 


—0.05 

20.3 

31.2 

18 89 

-0.85 

19.7 

31.0 

18 88 

-1.05 

18.55 

30.8 

18.93 

-1.25 

17.5 

30.4 

18 87 

-1.45 

15.7 

30.0 

18.90 

-1.05 

13.05 

20.5 

19.00 


In order to obtain strict proportionality between id and C, the drop 
time should be at least 3 sec. or longer (66, 68). The linear relation 
seems to hold for all cases in which the electroreduction is reversible. 
When the electroreduction is irreversible, as it is in the case of nitrate 
ions, iodate ions, and many organic compounds, the linear proportionality 
may hold only under certain specified conditions, and only over a limited 
range of concentrations. 

Certain investigators, notably Hamamoto (20) and Maas (68), found 
that the diffusion currents at very small concentrations (less than about 
10” 4 molar) were greater than would correspond to strict proportionality 
with the concentration. When the concentration of the reducible ions 
is very small, the diffusion current is usually not strictly constant but 
often increases with increasing negative potential. Several empirical 
methods for evaluating the diffusion current under such unfavorable 
conditions have been discussed by Hohn (50), Maas (68), and Borcherdt, 
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Melodic, and Adkins (5). It should be realized that the apparent diffusion 
current is the sum of the true diffusion current and a “residual currents 
In the absence of electroreducible substances (e.g., in the electrolysis of a 
pure solution of potassium chloride), the residual current is due to the 
so-called “charging current,” or “condenser current/' which is discussed 
in a later section. The residual current increases with increasing negative 
potential, and therefore, even though the true diffusion current may 
remain constant, the apparent diffusion current tends to increase with 
increasing negative potential. The best method for evaluating the true 
diffusion current is to determine the residual current in the medium in 
which the electrolysis is to be carried out without any of the reducible 
substance present, and to subtract the “blank” so obtained from the 
apparent diffusion current (65, 66). It is possible that the proportionately 
larger values of i d at small concentrations, found by Hamamoto and Maas, 
were due to the fact that they did not adequately correct for the residual 
current. 

Even when maxima are satisfactorily eliminated and proper correction 
is made for the residual current, there are cases where the corrected 
diffusion current is poorly defined and changes with the potential. These 
unfavorable cases are most frequently encountered in irreversible reduc- 
tions (reduction of uranyl ion and of *eveial organic compounds), and they 
require much more study before satisfactory analytical procedures can be 
developed. 

5. Direct test of the Ilkovid equation 

In order to obtain data for a direct test of the Ilkovifi equation, Lingane 
and Kolthoff (66; measured the diffusion currents of thallous, lead, 
cadmium, zinc, iodate, and ferricyanide ions over a concentration range 
from 10" 4 to 10 2 molar in 0.1 N potassium chloride containing a trace of 
methyl red to eliminate the maxima. The (corrected) diffusion currents 
were in all cases directly proportional to the concentration of the reducible 
ions. In table 4 are given the experimentally determined diffusion 
current constants of the foregoing ions (obtained with the same capillary 
under identical conditions), compared with the corresponding values 
computed from the Ilkovid equation. 

In order to calculate the diffusion current constants of the various ions 
from the Ilkovifi equation, it was necessary to know their diffusion 
coefficients in 0.1 N potassium chloride. Since such data are not 
available in the literature, we (66) computed the various diffusion coeffi- 
cients by means of the relation, 
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In this equation, which was first derived by Nernst (84), D< is the charac- 
teristic diffusion coefficient (per mole) of an ion when it is free to diffuse 
independently of other ions, X? is the equivalent ionic conductance of the 
ion at infinite dilution, z is its valence without regard to sign, and R, T, 
and F are the gas constant per mole, tlie absolute temperature, and the 
faraday, respectively. The fundamental principles underlying this 
equation have been discussed in detail by Lingane (65). 

Tt is a well-known principle that the ions of a diffusing salt can diffuse 
more or less independently if a large excess of some other salt is present at 
equal concentrations on both sides of the diffusion layer (1, 59). Since 
polarographic diffusion currents are measured with a relatively small 
concentration of the reducible ions in a solution containing a large excess 


TABLE 4 


Comparison of the experimentally determined and the calculated diffusion current 
constants of several reducible ions 


In 0.1 N potassium chloride at 25°C. 


ION 

m*/* «»/•• 

K 

Observed | Calculated 

Tl + 

mg .*/* eecrd* 

2.28 

2.28 

2.28 

2.24 

2.18 

2.28 

microampere* 

per 

6.13 

8.78 

8.00 

7.65 

26.3 

3.78 

per millimole 
liter 

6.17 

8.67 

7.40 

7.27 

26.2 

4.12 

rb+ + 

Cd +f 

Zn-n- 

IO a “ 

Fe(CN)e 



DIFFERENCE 


•percent 

-0.7 

+1.3 

+ 8.1 

+5.0 

+0.4 

-8.3 


♦ The data for m 2, H l,t are given for the potentials at which the diffusion currents 
were measured. 


of an indifferent salt, the reducible ions arc more or less free to diffuse 
independently of the other ions in the solution, and equation 12 can 
therefore be used to compute their diffusion coefficients. 

It should be noted that equation 12 is based on the assumption that 
the diffusing ions behave as ideal solutes, and therefore it is strictly valid 
only at infinite dilution. In any actual solution the diffusing ions will be 
subject to interionic forces, which cause them to deviate more or less from 
ideal behavior. It might be thought that the effect of interionic forces 
could be corrected for in equation 12 by simply employing the value of the 
equivalent ionic conductance of the ion in question at the particular ionic 
strength of the solution (71, 72). However, this results in an over- 
correction, because, as McBain and Liu (79) have pointed out, the effect 
of interionic forces is much smaller in the process of diffusion than it is 
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in the more complicated process of electrolytic conduction. It is an 
experimental fact that the diffusion coefficient of a salt decreases relatively 
much less than its equivalent conductance with increasing ionic strength 
(79). Since there is no better alternative at present, we assumed, in 
interpreting our experimental results, that the various reducible ions 
behaved as ideal solutes, and that their diffusion coefficients in 0.1 N 
potassium chloride were the same as at infinite dilution. 

For convenient reference the diffusion coefficients of various ions at 
infinite dilution are given in table 5. When the numerical values of R 

TABLE 5 


Calcvlated diffusion coefficients at infinite dilution of various ions at $6°C. 


ION 

X® 

D 

ION 

X® 

D 


ohm~ l cm.* 

cm.* *ee.“i 


ohm ”» cm.* 

cm.® tee. 1 


et/utvr 1 

X 10® 


oquivr 1 

X 10® 

H+ 

350 

9.34 

Ni ++ 

52 

0.69 

Na f 

50.5 

1.35 

OH- 

196 

5.23 

K + 

74 

1.98 

CP 

76 

2.03 

Li+ 

39 

1.04 

NOr 

72 

1.92 

Tl h 

75 

2.00 

CH*COO“ 

41 

1.09 

Cs + 

79 

2.11 

io 

41 

1.09 

Pb ++ 

73 

0.98 

RrOj” . .... 

54 

1.44 

Cd ++ 

54 

0.72 

SOr" 

81 

1.08 

Zip* 

54 

0.72 

Fe(CN)* 

100 

0.89 

Cu++ 

54 

0.72 





(8.317 volt-coulombs), F (96,500 coulombs), and T (298°K.) are sub- 
stituted into equation 12, we obtain, 

Di = 2.67 X 10~ 7 X?/z cm. 2 sec.” (13) 

The diffusion coefficients in table 5 were calculated by means of this 
equation, using data for the equivalent ionic conductances at infinite 
dilution taken from the compilation given by MacDougall (70). 

The constant 0.627 in equation 7 refers to the current expressed in 
amperes, the concentration in moles per cubic centimeter, and the product 
in the units gm 2/3 sec.““ 1/2 When the current is expressed in micro- 
amperes, the concentration in millimoles per liter, and the product 
in the units mg. 2/3 sec r lf2 , and the numerical value of F is inserted into 
equation 7, we obtain 

i d = 605nD l/2 Cm 2/8 f l/fl (14) 

The diffusion current constant, corresponding to C = 1, should therefore 
be given by 


K = eOdnl) 1 ' 2 ** 2 ' 2 * 1 '® 


(15) 
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This equation, with values of D from table 5 and values of the product 
from table 2, was used to compute the calculated values of K 
in table 4. For example, from table 5 the diffusion coefficient of lead ions 
is 0.98 X 10" 6 cm. 2 sec." 1 , from table 2 the product m 2/ V /6 at E d .*. = 
—0.7 volt (at which potential the diffusion current of lead was measured) 
was 2.28 mg. 2/# sec." 1/2 , and n = 2 in the discharge of lead ions. There- 
fore, the calculated diffusion current constant of lead ions is 

K = 605 X 2 X (0.98 X 10~ 6 ) 1/2 X 2.28 = 8.67 microamperes per 
millimole per liter 

which may be compared with the experimentally determined value, 8.78, 
given in table 4. 

It may be mentioned that the only other direct tests of the Ilkovi6 
equation to be found in the polarographic literature are in his original 
paper (53). IlkoviS tested his equation in only two cases: in the dis- 
charge of 0.001 M cadmium ions from 0.1 N sulfuric acid and in the 
discharge of 0.001 N hydrogen ions from 0.1 N potassium chloride. He 
found that the observed diffusion current of cadmium ions was 9 per cent 
smaller than the value he calculated. However, in calculating the diffusion 
coefficient of the cadmium ions he overlooked the valence in equation 12 
and obtained the incorrect value 1.20 X 10~ 6 cm. 2 sec." 1 Hence his 
calculated value of the diffusion current of cadmium ions was too large. 

In view of the complexity of the diffusion processes at the dropping 
electrode, the agreement between the observed and calculated values of 
K in table 4 is really remarkably good. It is evident that the IlkoviS 
equation, and the postulates on which it is based, must be essentially 
correct. It furnishes a sound theoretical basis for quantitative 
polarography, and IlkoviS deserves much credit for its derivation. 

6. The “ condenser current ” and its influence in the measurement of 
very small diffusion currents 

It has already been mentioned that a small current, known as the 
residual current, is observed before the discharge of a reducible substance 
begins. Even in the electrolysis of very pure air-free solutions of diffi- 
cultly reducible salts, such as potassium chloride, an appreciable residual 
current is found long before the discharge of the ions of the indifferent 
salt, e.g., potassium ions, finally begins (table 2). The residual current 
increases in approximately direct proportion to the applied e.m.f., and, 
as has been pointed out in the preceding section, it must be subtracted 
from the total observed diffusion current of a given substance in order 
to obtain the true diffusion current. This correction often amounts to 
several tenths of a microampere, and it becomes greater the more negative 
the potential at which the substance in question is reduced (table 2). 
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It is obvious, therefore, that the accuracy with which small diffusion 
currents can be measured is greatly dependent on the accuracy of the 
correction for the residual current. It is also evident that the minimum 
detectable concentration of a reducible substance will depend on the 
accuracy with which the residual current can be measured. For example, 
if the uncertainty in the measurement of the residual current is =t0.05 
microampere, and if the diffusion current constant of a given substance 
is 10 microamperes per millimole per liter, then the minimum concentration 
of this substance that could possibly be detected would be of the order of 
10~ B Af, and would probably have to be somewhat greater in order to 
detect the substance with certainty. An exact knowledge of the residual 
current is therefore of great importance when small concentrations of 
reducible substances are being determined. 

In a pure solution of an indifferent salt, that is, in the complete absence 
of reducible or depolarizing substances, the residual current is due to a 
so-called “charging current,” or “condenser current.” It, is well known 
that when a metal, or in fact almost any solid, is placed in an electrolyte 
solution, an electrical double layer of positively and negatively charged 
ions establishes itself at the solid -solution interface. This double layer 
is analogous to an ordinary condenser. The orientation of the charges 
during its formation causes a small current to flow across the interface, 
similar to the instantaneous current that flows across an ordinary condenser 
when it is being charged oi discharged. Since the surface of the dropping 
electrode increases continuously as the mercury drops form, the double 
layer is being formed continuously on each new element of the freshly 
forming surface; hence a small continuous charging current results. This 
is the “condenser current” (54). 

As is well known, the change in the strength and the sign of the double 
layer at a mercury solution interface is responsible for the parabolic 
shape of the electrocapillary curve of mercury (15). At potentials more 
positive than correspond to the maximum in the electrocapillary curve 
the mercury side of the double layer is apparently positively charged, 
while at potentials more negative than the electrocapillary maximum 
it is negatively charged. At the maximum itself there is presumably no 
double layer at the mercury- solution interface. It follows, therefore, that 
the direction in which the condenser current flows, i.e., from the mercury to 
the solution, or vice versa , should depend on the sign of the charge on the 
mercury surface and that it should change direction at the electrocapillary 
maximum. Since there is no double layer at the electrocapillary maxi- 
mum, the condenser current should be zero at this point. These predic- 
tions are verified by the residual current curves shown in figure 11. These 
curves were obtained by Maas (68) by electrolyzing a 0.1 Af solution of 
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pure sodium chloride from which the air had been displaced by purified 
hydrogen. The curves were recorded with a polarograph, using the full 
sensitivity of the galvanometer. 

Curve 1 in this polarogram is practically a “pure” condenser current, 
and it is seen that it is approximately directly proportional to the poten- 
tial of the dropping electrode up to about —1.6 volts, where the discharge 
of sodium ions begins. The electrocapillary maximum in 0.1 N chloride 
solution is at about —0.56 volt, so the condenser current should have been 
zero at this potential. Actually it is seen that the current was zero at a 
somewhat more positive potential, at about —0.35 volt. Up to —0.35 
volt the current was negative, that is, positive electricity flowed from the 



Fig. 11. Condenser current curves in pure 0.1 N sodium chloride according to 
Maas (obtained with polarograph). 

dropping electrode to the solution, whereas above —0.35 volt positive 
electricity flowed from the solution to the electrode. It will be noted 
that the current oscillations during the formation of the individual mercury 
drops decreased with increasing negative potential and finally practically 
disappeared between —0.45 and —0.55 volt. As the potential was 
increased above —0.55 volt, the oscillations reappeared and their magni- 
tude increased with increasing negative potential. The current oscilla- 
tions are an approximate measure of the magnitude of the charging current 
during the formation of the individual mercury drops. In agreement 
with the theory of the electrocapillary curve, the minimum in the oscilla- 
tions occurred at the potential corresponding to the maximum in the 
electrocapillary curve, where the double layer disappears (68, 124). 
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It should bo mentioned that Ilkovifc (55) measured the potential- time 
curves of individual mercury drops falling into a very pure, air-free solution 
of 0.1 N potassium chloride. At potentials more positive than the electro- 
capillary maximum he found that the potential of an individual drop 
becomes more positive during its growth. At the potential of the electro- 
capillary maximum the potential remained practically constant during 
the life of a drop, while at more negative potentials it became more negative 
during the life of each drop. These results confirm the idea that the 
double layer changes sign at the electrocapillary maximum and that no 
double layer exists at the maximum itself. 

It will be noted from curve 1 in figure 1 1 that the residual current was 
slightly greater than zero (0.03 microampere) at the maximum in the 
electrocapillary cuive (—0.56 volt). This was probably due to the 
reduction of a trace of oxygen remaining in the solution, because it is 
practically impossible to remove the very last traces of oxygen from a 
solution by simply bubbling hydrogen or nitrogen through it (68). In 
most cases a residual current will include a small “faradayic” current due 
to the reduction of traces of reducible impurities in the solution. That is, 

i r = i e + if (16) 

where i r is the total residual current, i e is the condenser current, and if 
is the faradayic current. 

If the double layer behaves as a condenser, the average charging current 
during the life of a drop should be given by 

i c - kq* (17) 

where k is the capacity of the double layer, q is the average rate at which 
fresh mercury surface is being exposed to the solution (cm. 2 per second) 
during the life of a drop, and ^ is the average potential difference between 
the mercury and the solution (55, 68). Since i e is zero at the potential 
corresponding to the electrocapillary maximum, and since k remains 
fairly constant for small changes in the potential, equation 17 can be 
written as 


ic — kq(il/ m a.x . — ^) — kq(E mAX — E) (18) 

where is the absolute potential difference between the mercury and 
the solution at the electrocapillary maximum, and i e is the condenser 
current at some other potential Since the potential of the quiet elec- 
trode remains constant during the electrolysis, and since the potential 
of the solution is a constant, (^max. — $) can be replaced by (J5 ma x. — E) f 
where E is the potential of the dropping electrode with respect to an 
external reference electrode. Since q and k can be measured, this equation 
allows us to calculate i e at various potentials of the dropping electrode. 
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Ilkovifc (55) calculated the capacity of the double layer in specially 
purified 0.1 JV potassium chloride from his measurements of the potential- 
time curves of individual mercury drops. On the negative branch of the 
eleetrocapillary curve ( — 1.3 volts) he found a value for k of 22.3 micro- 
farads per square centimeter, while on the positive side of the electro- 
capillary maximum (—0.18 volt) he found a value for k of 42.2 microfarads 
per square centimeter. These results are in agreement with the measure- 
ments of Philpot (92), who found valuer for k of 21.8 and 48.8 microfarads 
per square centimeter on the negative and the positive side of the electro- 
capillary maximum, respectively. In this connection important investiga- 
tions by Proskurnin and Frumkin (96) of the capacity of the double 
layer in solutions of sodium sulfate, potassium chloride, sodium hydroxide, 
and sulfuric acid should be mentioned. 

It is interesting to compare the value of i c computed by means of equa- 
tion 18 with the data for the residual current in 0.1 N potassium chloride 
given in table 2. It can be derived that the area exposed per second by 
the growing mercury drops is given by 

q = (4ir) 1 /3 (3/ d) 2 ,z m 2 ^tr 1 /3 = 0.0085m 2 's*" 1 ' 3 cm. 2 per second (19) 

where d is the density of mercury, t is the drop time, and m is expressed 
in milligrams per second. From the data in table 2 we find that m was 
2.67 mg. per second, and t was 2.18 sec. at —1.5 volts, and hence q was 
0.0126 cm. 2 per second. Since E mtkX . is equal to -0.56 volt with respect 
to the normal calomel electrode, and k is equal to 22 microfarads per 
square centimeter, we calculate for i e at —1.5 volts, 

i c = 22 X 0.0126 X ( — 0.56 + 1.5) = 0 28 microampere (20) 

This agrees fairly well with the experimentally observed value of 0.38 
microampere in table 2. It should be mentioned that the change in ^ 
during the life of a drop has been neglected in deriving equation 18, because 
it cannot be calculated theoretically; hence the calculated value of i e 
is probably somewhat too small. It is evident, however, that about 
three-fourths of the residual current in table 2 is a condenser current. 

The capacity of the double layer can also be computed approximately 
from the slope of the condenser current curve. From equation 18 wo see 
that the capacity is given by 

k « (di e /dE)/q (21) 

that is, k is equal to the slope of the condenser current curve divided by 
the average area exposed per second. Even if the residual current includes 
a small faradayic current, it may be assumed that the latter will be prac- 
tically constant over a small range of potentials, and the slope of the 
residual current curve will be practically equal to di 0 /dE. For example, 
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the slope of curve 1 in figure 1 1 is approximately 0.20 microampere per 
volt, and q in this experiment of Maas was 0.0086 cm. 2 per second (68). 
The value of k calculated from these data is 0.20/0.0086 = 23 micro- 
farads per square centimeter, which is in reasonably good agreement with 
the value 22 found by Ilkovif and Philpot by different methods. Since 
the condenser current curve in figure 11 is approximately a straight line 
at potentials more negative than the electrocapillary maximum, it is 
evident that the capacity of the double layer is approximately constant 
between about —04 volt and - 1.4 volts. It will be noted that the slope 
of the curve (and hence the capacity of the double layer) is larger on the 
positive side of the electrocapillary maximum, in agreement with the 
results of Ukovift, Philpot, and Proskurnin and Frumkin. 

The capacity of the double layer (and hence the magnitude of the 
condenser current) depends on the nature of the ions in the solution. 
Capillary-active ions which arc strongly adsorbed at the mercury-solution 
interface increase the capacity of the double layer on one or the other 
branch of the electrocapillary curve. For example, the capacity of the 
double layer it> about twice as great in a solution containing iodide ions as 
it is in a chloride solution (on the positive side of the electrocapillary 
curve) (15). This corresponds to a decrease in the thickness, or a com- 
pression, of the double layer acting as a condenser. The effect of capillary- 
active non-electrolytes (octyl alcohol) has been investigated by Pros- 
kurnin and Frumkin (96). 

In order to eliminate as far as possible the uncertainty in the measure- 
ment of very small diffusion currents, due to the residual current, Ilkovic 
and Semerano (57) recommend that the condenser current be “compen- 
sated” by sending a current of equal magnitude through the current- 
measuring galvanometer in a direction opposite to that of the condenser 
current. Recent models of the polarograph are equipped with a device 
for automatically compensating, or balancing out, the residual current, 
at all values of the applied e.m.f (50, 68). Curve 2 in figure 11 was 
obtained by Maas (68) by compensating the residual current in this way. 

7. The influence of temperature on the diffusion current 

IlkoviC (56) has recently shown that the effect of temperature on the 
diffusion current can be readily interpreted as due chiefly to the change in 
the diffusion coefficient of the reducible substance with temperature. We 
have seen that the diffusion coefficient of an ion is directly proportional 
to both the absolute temperature and the equivalent conductance of the 
ion at infinite dilution. The equivalent conductances of most ions increase 
by about 2 to 2.5 per cent per degree. At T = 298°K. an increase of one 
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degree will increase the value of T by about 0.3 per cent. Furthermore, 
m increases by about 0.5 per cent per degree, owing to the decrease in the 
viscosity of mercury with increasing temperature (63, 56). Hence, from 
the cumulative effect of these three factors, it is to be expected that the 
diffusion current will increase by about 1.6 per cent per degree increase 
in temperature (56). This prediction is in reasonably good agreement 
with the experimental results of Nejedty (83), Kemula (61), and Majer 
(73), who found that the temperature coefficient of the diffusion current 
was about 2 per cent per degree for most metal ions. 

From the analytical viewpoint it is evident that the temperature 
should be controlled to at least ±0.5°C., or better, in order to keep errors 
due to the temperature effect within ±1 per cent. 

8. Influence of the solvent on the diffusion current constant 

The influence cf a change in the nature of the solvent on the diffusion 
current constant of a given reducible substance can be predicted from the 
Ilkovi6 equation. According to equation 15 the diffusion current con- 
stant, K, depends on the quantities D, m, and t. We have shown that m 
for a given capillary at a given pressure on the dropping mercury and a 
constant temperature is practically independent of the medium in which 
the drops form. The drop time, being proportional to the interfacial 
tension, will vary with the nature of the medium, but, since K depends 
on only the sixth root of t, considerable variations in the latter will have 
only a relatively small effect on K. Therefore, with the same capillary 
at a given temperature and pressure, it is evident that any change in K 
in going from water to some non-aqueous solvent will be due chiefly to 
a change in the diffusion coefficient of the reducible substance. In 
general, the diffusion coefficients of most reducible substances are smaller 
in non-aqueous solvents than in water. It is to be expected, therefore, 
that the diffusion current constants of most substances will be smaller in 
non-aqueous solvents than in water. 

Perrachio and Meloche (89) have recently studied the diffusion currents 
of the various alkali ions in alcohol-water, dioxane-water, ethylene 
glycol-water, and glycerol-water mixtures. They found that the diffusion 
currents were smaller in these solvents than in pure water. The diffusion 
currents in the glycerol-water mixtures were the smallest of all; this is to 
be expected because of the relatively great viscosity and correspondingly 
small diffusion coefficients in these mixtures. Quantitative interpretation 
of their results is not possible because the requisite diffusion coefficient 
data are not available. Qualitatively, however, their data are in accord 
with the foregoing predictions. 
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VJI. THE MIGRATION CURRENT AND ITS INFLUENCE ON THE 
LIMITING CURRENT 

1. Relation between limiting currents m the absence of added salt and diffusion 
currents m the presence of an excess of indifferent salt 

In Ihc preceding section we considered the characteristics of the diffusion 
current, which is the special name applied to the limiting current when an 
excess of some indifferent salt is present in the solution If there is no 
other salt present, the current will be carried entirely by the ions of the 
reducible salt, and therefore the reducible ions will be subject to electrical 

TABLE 6 

Influence of various concentrations of potassium chloride , potassium nitrate , ami 
hydrochloric acid on the limiting current of lead chloride 
50 ce of 0 00095 M lead chloride plus 0 2 cc. of 0 1 per cent sodium methyl red, with 
vauous concentrations of added electrolytes. Temperature » 25°C , 

P ** 21.8 cm , w 2/ *P /# « 2 28 mg 2/1 sec ." 1/2 


ADDXD SALT 

it 

KCl 

KNOi 

HGl 

equivalents per liter 

microamperes 

microamperes 

microamperes 

0 

17 6 

17 6 

17 6 

0 0001 

16 3 

16.2 

15 7 

0 0002 

14 9 

15.0 

14 6 

0 0005 

13 3 

13 4 

12 7 

0 001 

11 8 

12.0 

11.2 

0 005 

9 8 

9 8 

9 5 

0 1 

8 35* 

8 45* 

t 

1 0 

8.00* 

8 45* 

t 


* Corrected for the residual current, 
t Maxima present, and diffusion currents not well defined. 


migration as well as to diffusion Under these conditions the limiting 
current will evidently depend on the amount of reducible ions supplied 
by electrical migration as well as by diffusion. In this section we shall 
consider the effect of this electrical migration on the limiting current, and 
also the relation between limiting currents without added salt and diffusion 
currents in an excess of indifferent salt. 

In the reduction of cations it has been found that the limiting current 
without added salt is roughly twice as great as the diffusion current 
obtained with an excess of indifferent salt in the solution. As indifferent 
salt is added to the pure solution of a salt of a reducible cation, the limiting 
current decreases very rapidly with the first small additions and then more 
slowly as the concentration of indifferent salt is increased, until it finally 
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becomes practically constant and independent of further additions of the 
indifferent salt when the concentration of the latter has been made about 
fifty times larger than that of the reducible salt. Several examples of 
this behavior have been given by Slendyk (110) and Lingane (66). A 
typical example is given in table 6 (65). 

It has been found that anion limiting currents without any added salt 
are increased by the addition of indifferent salt. For example, we (66) 
found a limiting current of 2.40 microamperes for a pure solution of 1.5 X 
10" 4 M potassium iodate (reduction of iodate), which increased to 3.70 
microamperes when the solution was made 0.1 N in potassium chloride 
(see table 7). 

In order to account for these observed effects, Heyrovsk^ (36) and 
IlkoviS (53) proposed the idea that the limiting current, without added 
salt or with only a relatively small amount of added salt, was the sum of a 
diffusion current, id, and a migration current, im* In the reduction of 
cations the limiting current should be increased by the electrical migration, 
because cations will be impelled towards the negatively charged electrode. 
Hence Heyrovsk^ and IlkoviS write 

ii — id + in (cation reduction) (22) 

where i t is the total limiting current. In the electroreduction of anions 
the limiting current should be decreased by the electrical migration, 
because anions will be repelled from the negatively charged electrode, so 
that in this case we have 

ii = i d — im (anion reduction) (23) 

This formal division of the limiting current into two parts is based on the 
concept, already explained, that in the absence of added salt the reducible 
ions are subject to both a diffusive force and an electrical force. These 
forces arc assumed to act independently of each other; each is assumed to 
contribute its share to the total flux of reducible ions and hence to the total 
limiting current. This concept of the independent action of a diffusive 
force and an electrical force is not new; it was used by Nernst (84), Haskell 
(23), Planck (94), and various other investigators* and it is incorporated 
in the modern theory of electrolytic diffusion and the diffusion potential 
(87, 30, 22). 

A second postulate made by Heyrovsk# is that the migration current is 
given by the product of the total limiting current and the transference 
number Ti of the reducible ions, that is, 


im = Tii 


(24) 
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When no other salt is present, the transference number in this equation 
will be designated thus, T?, to indicate that it is the transference number 
of the reducible ion in the pure solution of the reducible salt. When 
extraneous salt is added to the solution, the transference number will 
be decreased from T? to some value Ti, which will depend on the relative 
concentrations and the mobilities of the various ions. As extraneous salt 
is added to the solution, Ti decreases very rapidly. 

Heyrovsk# and IlkoviC assume that the diffusion current, id, is the same 
in the pure solution of the reducible salt as in the presence of an excess of 




Fie. 12. Relation between limiting currents without added salt and diffusion 
currents with an excess of added salt (schematic). 

added salt. On the basis of this assumption we find, by combining equa- 
tions 22 and 23 with equation 24, 

i°i/i d = 1/(1 — T+) (cation reduction) (25) 

i °i/id — 1/(1 + Ti) (anion reduction) (26) 

In these equations i ? is the initial limiting current without any foreign 

salt in the solution. Since the transference numbers of most reducible 

ions are in the neighborhood of 0.5, it is evident that the limiting current 
in most cation reductions should be decreased to about one-half of its 
initial value by adding an excess of foreign salt to the solution, whereas 
the initial limiting current in most anion reductions should be increased 
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to about one and one-half times its initial value. These relations are 
shown schematically in figure 12 for the case in which T? = 0 5 
In deriving the foregoing relations Heyrovsk£ assumed that the diffusion 
component of the limiting current was constant and independent of the 
presence of foreign salt. However, MacGillavry (71) and Lingane (65) 
have shown that this is only an approximation to the facts, because the 
diffusion component of the limiting current changes appreciably when 
foreign salt is added to the solution. According to the Ilkovid equation 
(see preceding section), with all other factors constant, 


i d = kD 1 '* 


(27) 


When an excess of foreign salt is present in the solution, the diffusion 
coefficient in this equation will be the characteristic diffusion coefficient 
of the reducible ion (equation 12). However, when no foreign salt is 
present, the reducible ions are not free to diffuse according to their charac- 
teristic diffusion coefficient, but must diffuse at a rate proportional to the 
diffusion coefficient of the reducible salt itself. It is readily derived 
(23, 30, 65, 87, 94, 116), that the diffusion coefficient of an ideal salt is 
given by 


= RT( \(l , A _ D+D-(z + + 2— X- 

F* \xt + \°J \2+ tJ z+D+ + z.D- 


(28) 


where X+ and xi are the equivalent conductances of the positive and 
negative ions of the salt at infinite dilution, and z_ are the valences, 
and D+ and D_ are the characteristic diffusion coefficients of the ions. 
This equation, like equation 12, has been derived on the assumption that 
the ions behave as ideal solutes, and it therefore will be strictly correct 
only at infinite dilution. However, no appreciable error should result 
in applying it to pure solutions of reducible salts, when the ionic strength 
is small. In general, D lon and D w it will not be equal (except in the special 
case when X+ = xi and z+ = z_), and hence it is evident from equation 27 
that the diffusion component of the limiting current in the pure solution 
of a reducible salt will in general be different from the diffusion current in 
an excess of added salt. 

When an excess of foreign salt is present, the diffusion coefficient in 
equation 27 will be D lon , given by equation 12, whereas in a pure solution 
of a reducible salt the diffusion coefficient will be D.»u, given by equation 
28. It is evident, therefore, that 

*i = wtia \ 

u - kD\'* * 


(29) 

( 30 ) 
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where u is the diffusion component of the limiting current without added 
salt, and id is the diffusion current with an excess of foreign salt present. 
From equation 7 we see that k in the foregoing equations is given by 

k = Q.Q27nFCm 2, H 11 * (31) 

The first four terms in this expression are obviously the same with or 
without indifferent salt present in the solution, and we have shown in the 
preceding section that the product m 2f H 11 * is practically independent of 
the composition of the solution. It is evident, therefore, that k will be 
the same with and without foreign salt present, and that the change in u 
as foreign salt is added to the solution is almost entirely due to the change 
in the effective diffusion coefficient. 

By combining equations 29 and 30 with equations 22, 23, and 24, we 
obtain 

%ijid = (D Btt n/0.ou) 1/2 [l/(l — 7’°)] (cation reduction) (32) 

i°j/ia = (D ain /D lon ) m [l/(l + 7’?.)] (anion reduction) (33) 

These expressions should be more accurate than the simpler equations 
25 and 26 derived by Heyrov&k^. 

MacGillavry (71) has also derived an equation for the ratio ii/id in 
cation reductions. In the notation of this paper his equation is 



where 6® and 6° are the absolute mobilities at infinite dilution of the 
cation and anion ol the reducible salt, 6+ is the absolute mobility of the 
reducible cation in the presence of an excess of added salt, and t 0 and t 
are the drop times, at constant pressure, without and with added salt. 
Since 

6? =- \° x /zF* 

and 

Aon = RT\° x /zF 2 

it can be shown that the first two terms in MacGillavry’s equation are 
identical with equation 32. The third term is a correction for the decrease 
in the absolute mobility of the reducible cation (salt effect) when foreign 
salt is added to the solution, and the last term is a correction for the 
change in drop time when foreign salt is added. We have already shown 
that the change in t as indifferent salt is added is small, unless the added 
salt is strongly capillary-active, and therefore the ratio t°/t will generally 
be close to unity. Since only the sixth root of this ratio is involved, the 
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last term will be so close to unity in most cases that it can be 
safely neglected. 

Formally then, the essential difference between MacGillavry’s equation 
and equation 32 is the correction, ( b*/b+) m ) for the decrease in the absolute 
mobility of the reducible cation as indifferent salt is added to the solution. 
However, this difference is more apparent than real, because if the true 
(measured) values of D, on and D Ba \ t arc used in equations 32 and 33, these 
equations become theoretically just as exact as equation 34. Unfortu- 
nately, we have no exact knowledge of the decrease in the absolute mo- 
bility of an individual ion with increasing ionic strength. Qualitatively, 
there is good reason for believing that the mobility of an ion decreases 
much less rapidly than its equivalent conductance with increasing ionic 
strength. The equivalent conductance of an ion is a true measure of its 
mobility only at infinite dilution but not at any finite concentration 
(79, 87). Furthermore, there are practically no reliable diffusion coeffi- 
cient data in the literature for the salts and ions with which we are con- 
cerned, at various ionic strengths. For these reasons we shall assume, 
in the following interpretation of experimental data, that the various 
salts and ions behave as ideal solutes. 

In order to test the foregoing relations, we (65) determined the initial 
limiting currents, with no added salt, and the diffusion currents, in 0.1 N 
or 0.9 N potassium chloride, of various tliallous salts, lead chloride, cad- 
mium sulfate, and potassium iodate. The various thallous salts were 
chosen so that the transference number of the thallous ion would differ 
as much as possible in the various cases. A trace of methyl red (one 
drop of a 0.1 per cent solution of sodium methyl red per 50 cc.) was added 
to the solutions to eliminate the maxima otherwise present. Special 
experiments showed that this very small amount of methyl red had no 
appreciable influence on either the limiting or the diffusion currents. 
The results obtained are given in table 7. 

The transference numbers of the reducible ions in the pure solutions of 
the reducible salts, given in the fourth column, were calculated in the usual 
way from the equivalent conductances of the ions of the reducible salt. 
The fifth column of the table contains the observed ratios of the initial 
limiting currents to the final diffusion currents, i]/u . The values of this 
ratio computed according to the simple Heyrovsk# relation (equation 25 
or 26) are tabulated in the sixth column, while the last column contains 
the values of ii/u computed according to equation 32 or equation 33. 

It will be noted that the values of i\/u calculated according to equation 
32 or equation 33 are, in most cases, in better agreement with the observed 
values of this ratio than the values calculated according to the simpler 
equations of Hcyrovsk^ (equation 25 or equation 26). Cadmium sulfate 



44 


I. M. KOLTHOFF AND JAMES J. LINGANE 


and potassium iodatc are the only exceptions; in these cases, equation 25 
or equation 26 gave better results. 

It will be noted that the observed values of the ratio are, in most cases, 
less than the calculated values. This is perhaps due to unavoidable traces 
of salt impurities in the pure solutions of the reducible salts, which would 
decrease i? appreciably, e.g., traces of alkaline impurities from the glass 
of the cell, or traces of dissolved mercury from the quiet electrode. In 
view of the difficulty of completely eliminating such salt impurities, the 
agreement between the observed and calculated ratios is as good as can 
be reasonably expected. 


TABLE 7 

Comparison of initial limiting currents and diffusion currents of various reducible ions 


REDUCIBLE BALT 


0.001 il/TlCl 

0.0013 M TlOH 

0.0026 M TlOH 

0.0026 M T1C 2 H,0, 

0.0005 M TllOi. . . 

0.00096 M PbCl* .. 

0.001 M CdS0 4 . ... 

0.00015 M KIO* . . 

* In 0.1 AT potassium chloride corrected for the residual current, 
t In 0.9 AT potassium chloride corrected for the residual current. 
t Calculated by equation 26. 

§ Calculated by equation 33. 

It is interesting to note that a correction for the decrease in the absolute 
mobilities of the reducible cations when foreign salt is added, as recom- 
mended by MacGillavry (equation 34) (71), would increase the calculated 
ratios of ii/id- Hence such a correction would actually increase the 
differences between the observed and calculated values of this ratio. The 
foregoing experimental data indicate that such a correction is not justified, 
and that other unknown factors (specific Ralt effects, etc.) are operative 
to a certain degree. The decrease in the diffusion current of lead ions 
between 0.1 JV and 1 N potassium chloride (table 6) is an example of such 
a specific salt effect (probably PbCir or PbCir” formation). 
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micro- 
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11.6 

6.10* 

0.500 

1.90 

2.00 

2.00 

11.6 

5.95t 

0.500 

1.95 

2.00 

2.00 

13.9 

8.15* 

0.277 

1.71 

1.39 

1.66 

26.7 

15.85* 

0.277 

1.69 

1.39 

1.66 

34.2 

15.85* 

0.646 

2.16 

2.83 

2.37 

6.65 (Tl + ) 

3.30* 

0.646 (Tl + ) 

1.99 

2.83 

2.37 

17.6 

8.35* 

0.483 

2.11 

1.93 

2.39 

17.6 

8.00f 

0.483 

2.20 

1.93 

2.39 

12.7 

8.00* 

0.400 

1.59 

1.67 

1.83 

2.40 (IO,-) 

3.70* 

0.356 (IO.-) 

0.65 

0.74J 

0.84§ 
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It should be mentioned that the limiting currents of uncharged (espe- 
cially organic) substances should be practically entirely diffusion currents, 
because uncharged substances are not subject to electrical migration. 
The limiting currents of uncharged substances should therefore be constant 
and independent of the presence of foreign salts (53). Experimentally, 
however, this is difficult to demonstrate, because the reduction of most 
uncharged (organic) substances involves the action of hydrogen ions, and, 
if no foreign acid is present, the necessary hydrogen ions must be furnished 
by the dissociation of water molecules. The reduction of uncharged sub- 
stances is thus a much more complicated problem than the reduction of 
ions (80). It has been found, for example, that the limiting current of 
oxygen in potassium chloride solutions is practically constant and inde- 
pendent of the concentration of the salt up to about 0.1 N (50, 124), but 
that in very concentrated salt solutions the limiting current of oxygen is 
greatly decreased (50). 

2. Increase , or “exaltation” of the migration current by the preceding discharge 
of an uncharged substance 

We have seen that the migration current is equal to the product of the 
total limiting current and the transference number of the reducible ions 
(equation 24). If some uncharged substance, which is reduced at a more 
positive potential than the reducible ion in question, is added to a pure 
solution of a reducible salt, the resulting total limiting current will be the 
sum of that due to the reduction of the uncharged substance and that of 
the reducible ions. That is, 

ttotai = iu + i\ (35) 

where i u is the limiting current of the uncharged substance and ii is that 
of the reducible ions. Under these conditions the migration current of 
the reducible ions will be increased or “exalted” (42), and if we assume 
that the transference number of the reducible ions is not influenced by the 
preceding discharge of the uncharged substance, the exalted migration 
current should be given by 

im = (iu + ii)Ti (36) 

The effect of this exaltation of the migration current will be to increase 
the limiting current in cation reductions and to decrease it in anion reduc- 
tions. This effect has been demonstrated by Heyrovsk# and BureS [(42), 
who found that the initial limiting currents of potassium and sodium ions 
in very dilute, pure solutions of the alkali chlorides were increased by the 
preceding discharge of oxygen. This effect of oxygen is shown by the 
curves in figure 13, which we (65) have obtained. Curve 1 in this figure 
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was obtained by electrolyzing a pure 9.4 X 10 -4 N solution of potassium 
chloride,, from which the air had been completely removed with nitrogen. 
Curve 2 was obtained after saturating the solution with pure oxygen. 
It is seen that the limiting current of the potassium ions was increased 
more than twofold by the preceding discharge of oxygon. 



Fie. 13. Exaltation of the limiting current of potassium ions by the preceding 
discharge of oxygen. 

If we represent the initial limiting current, in the absence of foreign 
salts and without a reducible non-electrolyte present, by i] and the migra- 
tion current under the same conditions by % my then 

*1 — i? Tj (37) 

Hence the exaltation of the migration current by the preceding discharge 
of the uncharged substance should be given by 

im — fm = (iu + ii — u)T°i (38) 

We also have the relations 

i°i = id dtz u T°i (39) 

it = id =t {i u + ii)Ti (40) 

where the plus sign refers to cation reductions and the minus sign to anion 
reductions. If we assume that id is unaffected by the preceding discharge 
of the uncharged substance, we find that the exaltation of the limiting 
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current in cation reductions should be equal to the exaltation of the migra- 
tion current and should be given (42) by 

it - t? - in - £ - iuTl/(l - Tl) = i u X+/X° (41) 

On the other hand, in anion reductions the limiting current should be 
decreased by the same amount that the migration current is increased. 
It is interesting to note that in the special case where T° % is exactly 0.5, 
the exaltation should be simply equal to the limiting current of the un- 
charged substance, that is, 

A4. = K 

when Tl » 0.5. 

From equation 41 we see that the exaltation of the limiting current 
should be independent of the concentration of the reducible ions and 
should depend only on the magnitude of the limiting current of the un- 
charged substance. Hence it should be possible to increase cation 
limiting currents many fold by simply increasing the concentration of 
the uncharged substance and to suppress entirely anion limiting currents. 
It should be realized, however, that equation 41 will no longer apply with 
extremely small concentrations of the reducible salt, because under these 
conditions the electrical potential gradient at the surface of the mercury 
drops will be so great that the ordinary laws of ionic transfer and conduc- 
tion will no longer apply. 

In curve 2 of figure 13 the limiting current of oxygen, i u , is 28.0 micro- 
amperes. Since the transference number of the potassium ion in potas- 
sium chloride is 0.493, we calculate from equation 41 that the exaltation 
of the potassium ion limiting current by the preceding discharge of oxygen 
should be 28.0 X 0.493/0.507 = 27.2 microamperes. The observed 
exaltation is 37.0 — 16.2 = 20.8 microamperes. 

Similar experiments were carried out with 9.4 X 10~ 4 N sodium chloride. 
In the absence of oxygen the limiting current of sodium ions was 12.5 
microamperes. When the solution was saturated with pure oxygen, the 
limiting current of sodium ions was 26.5 microamperes, while that of the 
oxygen was 30.0 microamperes. Hence the observed exaltation was 26.5 
— 12.5 = 14.0 microamperes. Since the transference number of the 
sodium ion in sodium chloride is 0.400, the calculated exaltation is 30.0 
X 0.400/0.600 = 20.0 microamperes. 

Although the discrepancy between the calculated and observed exalta- 
tion in the foregoing cases is in the neighborhood of 25 per cent, the 
agreement is sufficiently good to show that Heyrovsk^'s theory of the 
exaltation is at least approximately correct. The discrepancies can be 
accounted for by the fact that hydroxide ions are a product of the reduc- 
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tion of oxygen, and, when the latter is discharging simultaneously with 
the alkali ions, the solution close to the surface of the mercury drops is 
actually equivalent to a mixture of the alkali chloride and hydroxide. 
Hence the transference numbers of the alkali ions, in the solution close 
to the surface of the electrode, are considerably less than in the pure 
solutions of the alkali chlorides, and the exaltation is correspondingly 
decreased. For example, in the ease of potassium chloride the calculated 
diffusion current in the absence of oxygen is (1 — 0.493)16.2 = 8.2 
microamperes, and it was the same when oxygen was discharging. There- 
fore the observed migration current when oxygen was discharging was 
37.0 — 8.2 = 28.8 microamperes. The effective transference number of 
the potassium ion during the simultaneous discharge of oxygen, calculated 
from this value of the migration current, is 28,8/65.0 = 0.443, instead 
of the value 0.493 in pure potassium chloride. This corresponds to a 
ratio of hydroxide to chloride ions of about 1/5 close to the surface of the 
mercury drops, which is a logical value. Heyrovsk# and BureS apparently 
did not recognize the necessity of correcting for the decrease in the effective 
transference numbers of the alkali ions due to the accumulation of hydrox- 
ide ions at the surface of the mercury drops, probably because they 
saturated their solutions with air instead of pure oxygen, in which case 
the correction will be much less. 

Heyrovsk# and Bure§ state that they also obtained the exaltation effect 
with barium and manganous ions and by using other reducible non- 
electrolytes in place of oxygen, e.g., quinone. The reduction of uncharged 
substances practically always involves hydrogen ions, which in neutral 
solutions must be furnished by the dissociation of water molecules at the 
surface of the mercury drops, with the subsequent accumulation of hydrox- 
ide ions. Hence with practically all uncharged substances the formation 
of hydroxide ions at the electrode surface must be taken into account. 

From equation 41 we see that the exaltation of the sodium and potas- 
sium ion limiting currents should be directly proportional to the equivalent 
conductances of the two alkali ions, when the anion in both cases is the 
same. The exaltation of the potassium ion limiting current will therefore 
be considerably greater than that of the sodium ion, at a given value of i u . 
In a mixture of potassium and sodium chlorides the observed exaltation 
will be intermediate between the characteristic exaltations of the two 
alkali ions. Heyrovsk^ and BureS recommend this behavior for determin- 
ing the ratio of the two alkali chlorides in a mixture. 

Exaltation of the migration current by the preceding discharge of a 
reducible ion 

The apparent limiting current of a reducible cation can be increased 
or exalted by the preceding discharge of a reducible ion, as well as by the 
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preceding discharge of a reducible non-electrolyte. This effect is shown 
in figure 14. Curve 1 in this figure was obtained by electrolyzing a 9.4 X 
10 -4 N potassium chloride solution that had been freed from air with pure 
nitrogen. Curve 2 was obtained after addition of sufficient thallous 
chloride solution to make the concentration of the latter 8.3 X 10 -4 (the 
concentration of the potassium chloride being reduced to 8.6 X 10 -4 N). 

Without thallous chloride present the potassium ion limiting current 
was 16.8 microamperes, and it was increased to 20.1 microamperes by the 
preceding discharge of the thallous ions. Without thallous chloride 
present, the calculated diffusion current of potassium ions was 



Fig. 14. Exaltation of the limiting current of potassium ions by the preceding 
discharge of thallous ions. 

15.8(1 — 0.493) = 8.0 microamperes. Since thallous, potassium, and 
chloride ions all have practically the same equivalent conductances, the 
effective diffusion coefficient of the potassium ions will be the same with 
or without thallous chloride present, but the diffusion current of potassium 
ions was decreased to 8.0 X 8.6/9.4 = 7.3 microamperes by the increase 
in volume when the thallous chloride solution was added. Hence the 
migration current when thallous chloride was present was 20.1 — 7.3 
= 12.8 microamperes. 

It should be realized that when the potential corresponding to the 
limiting current of potassium ions was reached, in the presence of thallous 
chloride, the thallous ion migration current was also increased, as well as 
that of the potassium ions, by the increased current. Hence only a part 
of the apparent increase in the potassium ion limiting current was actually 
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due to the exaltation of the potassium ion limiting current, and the remain- 
der was due to the exaltation of the migration current of the thallous ions 
during their simultaneous discharge with potassium ions! In the solution 
containing almost equal concentrations of thallous chloride and potassium 
chloride, since the equivalent conductances of all the ions are very nearly 
the same, the transference numbers of the thallous and potassium ions 
were practically the same and were equal to 0.25, while that of the chloride 
ion was 0.5. Since the total limiting current was 26.2 microamperes, the 
migration currents of the thallous and the potassium ions should each 
have been equal to 0.25 X 26.2 = 6.55 microamperes, and the total 
migration current should have been equal to 13.1 microamperes. This 
calculated migration current agrees very well with the observed value of 
12.8 microamperes. In this special case, where the concentrations of the 
thallous and potassium chlorides were equal, the current at the potential 
corresponding to the discharge of potassium ions was actually almost 
the same with or without thallous chloride present, and the apparent 
exaltation of the potassium ion limiting current can be regarded as due 
entirely to the exaltation of the migration current of the thallous ions 
themselves. 

Although the foregoing exaltation phenomena have little practical value, 
they have important theoretical significance, because they furnish further 
confirmation of Heyrovsk^s theory of the migration current. 

VIII. MAXIMA ON CURRENT-VOLTAGE CURVES 

1. The Heyrovsky-Ilkovid theory of maxima 

One of the characteristic features of the current-voltage curves with the 
dropping mercury electrode is the more or less pronounced maxima, 
which are often present unless special measures are taken to prevent 
their occurrence. Maxima may also occur with quiet mercury electrodes 
(16, 26, 28), but these are not reproducible, in contradistinction to those 
obtained with the dropping mercury electrode, which are perfectly repro- 
ducible (48). The shapes of maxima vary from very acute peaks, with 
a rapid and almost discontinuous decrease of the current after the maxi- 
mum, to rounded humps with a gradual decrease in current following the 
maximum (figure 15). 

The shapes of current-voltage curves showing maxima are generally 
independent of the direction in which the applied e.m.f. is changed; if, 
after the maximum has been passed by increasing the e.m.f. in the usual 
way, the e.m.f. is then decreased gradually, the curve will in most cases 
retrace itself exactly over the maximum (figure 16). In certain cases, 
when the maxima are very acute, the potential at which the peak of the 
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maximum is reached may be somewhat different with decreasing E.M.F. 
from that with increasing e.m.f. For example, Heyrovsk# and Vas- 



Fig 15 Typical current- voltage curves of various metal ions in 0.1 N potassium 
chloride, showing various types of maxima. 



E c VOLTS 

Fig. 16. Independence of the shape of the lead maximum of the direction in which 
the e.m.f. is applied. 2.75 X 10 r* M lead nitrate in 0.1 N potassium chloride. 

cautzanu ( 48 ) found that the peak of the oxygen maximum was about 
50 millivolts more negative with increasing applied e.m.f. than with 
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decreasing applied e.m.f., but the height of the maximum was prac- 
tically the same in the two cases. We have verified this behavior. 

Just as on other parts of a current-voltage curve, the current at the 
maximum appears to bo independent of the time of electrolysis. If the 
applied e m.f is kept constant at a value at or near the peak of a maximum, 
the current remains constant indefinitely. 

The maximum due to a given clectroreducible substance may be either 
acute or rounded, depending on the composition of the solution. For 
example, A arasova (122) found that the acute maximum of oxygen 
(figure 13) was very small in extremely dilute potassium chloride solutions, 
but that it became more and more pronounced with increasing potassium 
chloride concentration and attained its greatest value in about 0.001 N 
potassium chloride. (Mr. C. S. Miller in this laboratory found the most 
pronounced maximum at a somewhat greater concentration of potabsium 
chloride ) With increasing salt concentration the maximum decreased 
and became more rounded. Quite generally, a maximum will be most 
pronounced at a certain intermediate concentration of foreign salt; in 
distilled water and in concentrated salt solutions the oxygen maximum 
disappears (47). 

An interesting feature wh^n the maximum is very acute is that the 
current voltage curve often is a straight line, and not the usual S-shaped 
curve, before the peak of the maximum is reached. In such a case the 
slope of the straight line is proportional to the reciprocal of the resistance 
of the cell in accordance with Ohm’s law (52). This indicates that the 
potential of the dropping electrode remains constant from the beginning 
of the discharge and that no concentration polarization occurs until the 
maximum is reached. Immediately after the maximum is passed and 
the current decreases suddenly, the dropping electrode becomes almost 
completely polarized. In weakly acid mercurous nitrate solutions this 
sudden increase in polarization may amount to as much as 1 volt (43). 
Conclusive proof that the electrode remains depolarized during the 
discharge of mercurous ions until the peak of the maximum is reached 
and that polarization sets in at the peak was obtained by Heyrovsk# 
from measurements of the interfacial tension at the mercury-solution 
interface during the electrolysis (35). He found that the interfacial 
tension, in a slightly acid mercurous nitrate solution, remained prac- 
tically constant until the peak of the maximum was reached, instead of 
changing according to the electrocapillary curve. As soon as the maximum 
was passed, the interfacial tension changed abruptly and followed the 
electrocapillary curve. 

It is still problematical whether the slope of the straight part of the 
current-voltage curve preceding an acute maximum corresponds exactly 
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to the reciprocal of the cell resistance. JlkoviS (54) assumes that the 
resistance of the surface film surrounding the electrode is different from 
that in the bulk of the solution, and that it varies with the distance from 
the electrode. In this connection reference is made to the important 
investigations of Hoekstra (49), who studied the current -voltage curves 
obtained with scraped electrodes. He found a constant apparent re- 
sistance at various values of the current, which was several times greater 
than that calculated from the dimensions of the cell and the specific 
conductance of the solutions (see also reference 12). 



E e VOLTS 

Fig. 17. Relative heights of maxima obtained with various concentrations of lead 
ions in 0.1 N potassium chloride. Curve 1, 3.3 X 10” 4 M lead nitrate; curve 2, 
1 X 10”* Af lead nitrate; curve 3, 2.3 X 10”* Af lead nitrate. 


The height of the maximum of a given electroreducible substance is 
greatly dependent on its concentration. Reducible metal ions in dilute 
alkali chloride solutions usually do not yield maxima when the concentra- 
tion of the metal ion is very small, but maxima appear and become more 
and more pronounced as the concentration of the metal ion is increased 
(figure 17). As a rule, there is no linear relation between the height of a 
maximum and the concentration of the reducible substance. For ex- 
ample, in the electrolysis of nickel chloride solutions, without any foreign 
salt present, Emelianova and Heyrovsk# (11) found that the ratio 
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imax /ii was equal to 1:1 in a 0.0005 N solution, to 2.7:1 in a 0.0025 N 
solution, to 6: l in a 0.0062 N solution, and to 6.5:1 in a 0.01 N solution. 

The magnitudes of the maxima depend on the drop time, becoming 
smaller the slower the drop time (35). 

The exact interpretation of the maxima is one of the most difficult 
problems in polarography Heyrovsk# (35) attributes the maxima to an 
adsorption of the electroreducible substance on the growing mercury 
drops, whereby the concentration of the reducible substance is increased 
above its value in the body of the solution and normal concentration 
polarization is prevented. This adsorption is supposed, by Heyrovsk£, 
to be caused by the unhomogeneous electric field around the charged 
drops, which he assumes is identical with the electrokinetic potential 
at the mercury solution interface. Since pronounced maxima are found 
only with the dropping electrode, and since the adsorptive force must be 
established sooner than the electrokinetic potential can be built up, 
Ilkovif (54) assumes that the unhomogeneous field responsible for the 
adsorption is caused by the charging current (not the total current) 
rather than by the electrokinetic potential. The drop in potential 
around a mercury drop caused by the charging current, i e> is i c W> where W 
is the resistance in the surface film surrounding the drop. From fairly 
involved calculations Ukovi? concludes that the electric field created by the 
charging current is much greater than that due to the electrokinetic poten- 
tial gradient. If the electric field due to the charging current w r ere homo- 
geneous, i.e , if i\(i e W)/&x were constant and independent of the distance x 
from the surface* of the electrode, it would cause only a motion of ions, and 
particles subject to dielectric polarization would simply become polarized 
and oriented, but would undergo no movement. However, the field 
created by the charging current is not homogeneous, because W varies 
greatly with x ; hence the unhomogeneous field causes a motion of dipolar 
molecules as well as ions. Ilkovifi assumes that the attraction of dipolar 
molecules to the surface of the mercury drop by the unhomogeneous 
electric field takes place to an appreciable extent only when the concentra- 
tion of the reducible substance has been reduced to a small value by the 
discharge process. 

To clarify Ilko vi$*s view the following citation is given (54). “Let us 
now, from this viewpoint, explain the case of a maximum due to the 
depolarizing action of a solution which contains only one electrolyte, e.g., 
that due to the deposition of nickel from the solutions of its chloride. At 
voltages at which the rate of the deposition of nickel ions is smaller than 
the rate of their adsorption, the current is an ‘adsorption* one and can 
increase with increasing voltage. However, as soon as the voltage is 
reached at which at the very beginning of the formation of the drop the 
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rate of deposition of the ions exceeds the rate of their adsorption, the ex- 
haustion of the surface layer starts. At thiR instant a large electric force 
acts at the cathode, which cannot be depolarized, there being no reducible 
matter present in the exhausted surface film. However, the water 
molecules of the surface film are polarizable owing to their dipole character. 
They must be, therefore, polarized in the strong field, their oriented polar- 
ized layer thus constituting the increase of the ‘back e.m.f.’ observed at 
the fall of the maximum. Under such conditions now the electric field 
in the solution is considerably shortened so that no more ions can be 
attracted to the surface by adsorptive force. The current due to the 
deposition of nickel ions is now furnished only by the penetration of these 
cations through the polarized layer of water molecules and thus becomes a 
‘diffusion current/ The suppressive action of adsorbable particles on the 
maximum is similar to that of water molecules, viz., in that they increase 
the polarization owing to their dipole moment and thus counterbalance 
the unhomogencous electric field due to the charge ol the small mercury 
electrode.” 

The Heyrovsky llkoviS interpretation of the maxima involves certain 
difficulties. We have seen in a pievious section that both the charging 
current and the charge of the double layer (electrokinetic potential) 
change sign at the maximum in the clcctrocapillary curve. It is evident, 
therefore, that the direction of the electric field responsible for the adsorp- 
tion must also change at the electrocapillary maximum, regardless of 
whether this field is due to the electrokinetic potential (Heyrovsk#) or 
to the charging current (llkoviS). Hence reducible ions of a given sign 
should be adsorbed, by electrical attraction, only on one side or the other 
of the electrocapillary maximum, but not on botli sides. On the negative 
side of the electrocapillary maximum the field is in the right direction to 
cause adsorption of positive ions, but on the positive side of the electro- 
capillary maximum the field is in the opposite direction, and hence positive 
ions should be repelled, not attracted and adsorbed. Actually it is found, 
in contradiction of the Heyrovsk^-IlkoviS theory, that the discharge of 
positive ions gives rise to maxima on both sides of the electrocapillary 
maximum, e.g., lead and nickel ions are discharged on opposite sides of 
the electrocapillary curve, but the current-voltage curves of both of these 
ions show prominent maxima (figure 15). 

There is also a possibility that the maxima may be connected in some 
way with an electrostatic stirring effect at the surface of the mercury drops. 
Frumkin and Bruns (16), working with a quiet mercury cathode, showed 
experimentally that with relatively large current densities the surface of 
the mercury is in active motion. This is due to differences in the potential 
and the surface tension at a arious spots on the mercury surface. Conse- 
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quently, local currents flow between such spots and cause a stirring effect 
in the solution close to the surface of the electrode, as shown by Bruns, 
Frumkin, Joia, Vanjukova, and Zolotarewskaja (10), and by Stackelberg, 
Antweiler, and Kieselbach (113). Antweiler (4) has obtained experi- 
mental evidence that such a stirring effect actually exists with the drop- 
ping mercury electrode in cases where maxima occur There is probably 
some connection between the charging current and this stirring effect. 
When the mercury is uncharged (isoelectric point), it is claimed that no 
maximum, and apparently no stirring effect, occurs. 

At present it is not possible to give an exhaustive treatment of all the 
factors responsible for the occurrence of maxima. From a practical 
viewpoint, and also in connection with the further development of the 
theory, various observations made by Heyrovsk^ and his school regarding 
the suppression and elimination of maxima are of great interest, and will 
now be discussed. 


2. Suppression and elimination of maxima 

Heyrovsk^ (35) distinguishes between “positive” and “negative” 
maxima, according to whether a given maximum occurs on the positive 
or the negative side of the maximum in the elect rocapillarv curve. In 
the absence of capillary-active substances the maximum in the electro- 
capillary curve is at about —0.6 volt against the normal calomel electrode. 
In figure 15 the lead maximum is a positive maximum, while that of 
nickel is a negative maximum. 

Maxima can be suppressed, and in most cases eliminated, by adding to 
the solution traces of certain capillary-active electrolytes and non-electro- 
lytes, and various capillary-inactive ions and charged colloids. In this 
connection it should be realized that the capillary activity of a given 
substance, and hence its ability to suppress maxima, depends on the sign 
of the charge on the mercury (35). 

Considering first the effect of capillary-inactive ions, there seems to 
be a close relation between the sign of the charge of the mercury on the 
one hand, and the signs and valences of the ions on the other. Thus, in 
the suppression of positive maxima, trivalent anions are usually much 
more effective than divalent, and the latter more so than univalent anions, 
while the valence of the cation is practically without effect. The converse 
is true for negative maxima, in which case the valence of the cation plays 
the predominant rdle. Heyrovsk^ (35) states, “The dilutions in which 
cations of different valency cause the same degree of suppression of a 
negative maximum are in the same ratio as their power of precipitating 
(flocculating) a negative lyophobic colloid, say arsenic trisulfide. Indeed, 
the Hardy -Schulze rule has been found to hold strictly for the suppression 
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of maxima; thus the dilutions at which ions of potassium, calcium, and 
lanthanum, respectively, produce suppression to the same extent were 
found to be in the ratio 1:160:10000 ” However, it is doubtful whether 
the Schulze-Hardy rule holds strictly in the suppression of maxima. 
For example, Emelianova and Heyrovsk£ (11) found the negative maxi- 
mum of nickel just suppressed in 0.11 i\T potassium chloride, in 2.2 X 10~ 8 
N magnesium chloride, in 1.1 X 10 8 N calcium chloride, in 3 X 10~ 5 N 
barium chloride, in 2 X 10~ 6 N aluminum chloride, and in l X 10 N 
lanthanum chloride. It is not clear why barium ions in this respect 
behave as trivalent cations, quite differently from calcium and magnesium 
ions. 

Mr. C. S. Miller in this laboratory found the difference in the suppressive 
effect of barium ions on the one hand, and of calcium and magnesium ions 
on the other, much smaller. He also studied the effect on the maxima of 
additions of a deficiency of sodium hydroxide to the nickel chloride solu- 
tion. The alkali causes the partial separation of basic nickel salt, pre- 
sumably as a positively charged colloid. One would expect, therefore, 
that the negative nickel maximum would be suppressed completely in the 
presence of this colloid. Actually it was found that the ratio of the 
maximum current to the limiting current remained almost unchanged 
in the presence of various amounts of the positive colloid. Another 
exception to the rule given by Heyrovsk# was found by Mr. Miller in the 
case of the positive oxygen maximum. In 0.001 N potassium chloride a 
very pronounced, acute maximum occurs, the maximum current being 
much greater than the limiting current (figure 13). Addition of potassium 
ferrocyanide to this solution, in concentrations ranging between 10“® 
and 6 X 10~ 6 molar, hardly affected the maximum, and at a concentration 
of 0.001 M ferrocyanide the maximum was even slightly more pronounced 
instead of suppressed. Also at other concentrations of potassium chloride 
no pronounced effect of ferrocyanide ions was found. It is evident, 
therefore, that care must be exercised in generalizing Heyrovsk^s rule. 

From Herasymenko’s study (26) of the effect of salts on the maximum 
in the reduction of uranyl ions (first wave), cations of various valency 
(K + , Na+, Mg 4 +, A1+++) were found to have the same effect, and there 
was also hardly any difference between the effect of chloride and sulfate 
ions. Since the uranyl ions (first wave) are reduced on the positive side 
of the electrocapillary maximum, one would expect that sulfate ions would 
be much more effective in suppressing the maximum than chloride ions. 

The following peculiar phenomenon is also hard to explain on the basis 
of Heyrovsk^V? rule. Heyrovsk^ and Dillinger (43) found that in a 
mixture of nickel and manganous chloride two pronounced negative 
maxima occurred. The nickel maximum was suppressed by addition of 
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barium ions, but that of manganese was much less affected. On the basis 
of Ileyrovsk^’s rule both maxima should have been equally suppressed. 

From a practical point of view the effect of capillary-active ions on 
maxima is of much greater importance than that of capillary-inactive ions. 
Heyrovsk^ (38, 35) states that negative dyes and negative colloids (he 
used a negative colloidal solution of a barium soap) suppress the positive 
thallium maximum very easily, whereas positive dyes and positively 
charged colloids cause a suppression of negative maxima. For example, 



Fig. 18. Suppression of the positive lead maximum by anionic methyl red in 
neutral solution. Curve 1, 50 cc. of 2.3 X 10~ a M lead nitrate in 0.1 N potassium 
chloride; curve 2, 0.1 cc. of 0.1 per cent sodium methyl red added. 

the positive maximum of thallium is easily suppressed by acid fuchsin 
(anion), but that of nickel is hardly affected. On the other hand, basic 
fuchsin (cation) suppresses the negative nickel maximum completely. 

In practical analytical work the occurrence of maxima is a nuisance, but 
fortunately they can usually be eliminated by the addition of suitable 
capillary-active ions. Lingane (65) found, for example, that the positive 
maxima of thallium and lead in neutral solutions arc completely sup- 
pressed by traces of the sodium salt of the ordinary indicator methyl red 
(figure 18). However, in accordance with Heyrovsk^'s rule, the positive 
lead maximum is not suppressed by the cation form of methyl red in acid 
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medium (figure 19). On the other hand, the negative maximum of nickel 
in neutral medium was found to be unaffected by the anion form of methyl 
red, but in acid medium the maximum was completely eliminated by the 
cation form of the dye; this is also in accord with Heyrovsk^s rule. 

Methyl red is itself reduced at the dropping electrode, but the concen- 
trations of the dye used to suppress maxima are so small (less than 0.001 
per cent) that they hardly affect the diffusion current of the substance 
to be determined. 



E c VOLTS 

Fig. 19. Failure of cationic methyl red to suppress the lead maximum in acid 
solution. 

The analytical significance of the elimination of maxima is demon- 
strated in figure 20 by the current- voltage curve of a mixture of lead and 
cadmium ions without and with methyl red present. In the absence of 
the dye no definite measure of the diffusion current, of the lead ions can be 
obtained, but a well-defined diffusion current for lead results when the 
maximum is eliminated by the addition of methyl red (65). 

One should not infer from the foregoing examples that strongly capillary- 
active anions invariably suppress only positive maxima, and capillary- 
active cations suppress only negative maxima. We have already cited 
several exceptions to this rule from the work of Heyrovsk£ and Dillinger. 
The degree of polarizability of the ions, their specific ability to be adsorbed 
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on mercury at various potentials, and their effect of shifting the electro- 
capillary zero also have to be taken into account. That positive dyes 
can be as effective as negative dyes in suppressing the positive oxygen 
maximum is evident from the work of Rayman (98). Furthermore, 
Hamamoto (20) has demonstrated that positively charged alkaloid ions 
have a great suppressive effect on the positive oxygen maximum. 

Capillary-active non-electrolytes can also be very effective in suppressing 
and eliminating maxima in certain cases. In general, it is not to be ex- 



Fio. 20. Current- voltage curves of a neutral 0.1 AT solution of potassium chloride 
containing 0.001 M lead and cadmium ions. Curve 1, no methyl red present ; curve 2, 
0.1 ec. of 0.1 per cent sodium methyl red added per 60 cc. 

pected that a given capillary-active non-electrolyte will be able to suppress 
maxima over the entire voltage range, because the adsorbability of such 
substances usually reaches a maximal value at a certain characteristic 
potential. It is to be expected that sulfur-containing organic substances 
should be effective in eliminating maxima, since such substances are 
usually capillary-active. Heyrovsk# (35) mentions the great effect of 
traces of a-naphthol in suppressing maxima, and Maas (68) found that 
naphthalene was effective. Oxygen, which in its own electroreduction 
gives a very pronounced maximum, suppresses the maxima of various 
metal ions, e.g., nickel ions. 
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We (66) found that gelatin, even in very low concentrations, was able 
to suppress the maxima of various metal ions over a wide range of poten- 
tials. The use of gelatin to suppress maxima has also been recommended 
by Hohn (50). The suppressive effect of gelatin on the lead maximum is 
shown in figure 21. It will be noted that a concentration of gelatin of 
0.02 per cent was ample to suppress the lead maximum completely. 
When the concentration of the gelatin is greater than about 0.01 per cent 
it decreases the diffusion currents, probably because it decreases the 



^ volts 

Fig. 21. Suppression of the lead maximum by gelatin in neutral potassium chloride 
solution, 0.001 M lead chloride in 0.1 N potassium chloride. Cuive 1, no gelatin 
present; curve 2, 0.02 per cent gelatin ; curve 3, 0.1 per cent gelatin; curve 4, 1 per cent 
gelatin. 


diffusion coefficient of the reducible ions. Wc have also found that 
gelatin completely eliminates the maximum of thallium in both acid 
and alkaline medium, and that it eliminates the maximum of nickel in 
both neutral and ammoniacal medium. From the cases so far studied 
it appears that gelatin is effective in suppressing many maxima. In 
practical work, however, its suppressive effect on the diffusion current, 
when it is present at concentrations greater than about 0.01 per cent, 
must be taken into account. Furthermore, it is our experience that the 
addition of gelatin may actually be harmful, instead of beneficial, in 
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certain cases, particularly when the electroreduction is irreversible. A 
more extensive study of the influence of gelatin is necessary before it can 
be generally applied in practical analytical work. 

8. Phenomena at the electrocapillary zero 

Heyrovsk# claims that no maximum occurs when the electroreduction 
of a substance takes place at the potential corresponding to the electro- 
capillary zero (maximum in the electrocapillary curve), where the mercury 
is apparently uncharged and the interfacial tension has its maximal value 
(35). This statement may be correct so far as the elcctroreduction of 
capillary-inactive ions and molecules is concerned, but, to say the least, 
it is doubtful that it is true in the electroreduetion of capillary-active 
substances (128). For example, no maximum occurs in the discharge 
of the capillary-inactive cadmium ions from chloride solutions, because 
the discharge potential of cadmium ions under these conditions is very 
close to the electrocapillary zero ( — 0.6 volt in chloride solutions) (figure 
15). Cadmium iodide, on the other hand, gives a very pronounced 
maximum, even though the half-wave potential of cadmium in very 
dilute iodide solutions is practically the same as in chloride solutions. 
The occurrence of the (positive) maximum is explained (35) by the fact 
that the iodide ions are strongly capillary-active, and they shift the 
electrocapillary zero to a more negative potential so that it no longer 
coincides with the discharge potential of the cadmium ions. Other 
capillary-active anions, such as S , CN~, CNS”, etc., shift the electro- 
capillary zero in a similar way, while capillary-active cations shift it to a 
more positive potential (15). 

Care must be exercised in the interpretation of the effect of these 
capillary-active ions on maxima. Capillary-active anions are adsorbed 
on positively charged and uncharged mercury (increasing adsorption with 
increasing positive charge), and they therefore attract an almost equivalent 
amount of cations to the surface in a triple layer (123). For this reason 
the total effect of capillary-active ions may be very complicated. For 
example, Lingane (65) found that the positive maximum due to lead ions 
in 0.1 N potassium chloride was almost completely suppressed when the 
solution was made 0.001 N with respect to iodide ions. On the other 
hand, in the absence of potassium chloride the lead maximum was con- 
siderably accentuated in 0.001 N and 0.005 N potassium iodide, and was 
not completely eliminated even in 1 N potassium iodide (in the latter case 
the lead was present chiefly as Pbl7~ anions). It is probable that a 
similar effect of iodide ions will be found in the case of cadmium and other 
metal ions. 

Heyrovsk^ and Vascautzanu (48) have demonstrated the effect of 



PRINCIPLES AND APPLICATIONS OP POLAROGRAPHIC AN AL YSIS 63 


thiocyanate ions in shifting the electrocapillary zero and the resultant 
effect on the slight negative maximum of cadmium nitrate. They found 
that the slight negative maximum in a 0.005 M cadmium nitrate solution 
was eliminated by the addition of sufficient potassium thiocyanate to 
make its concentration 0.001 N. With further additions of thiocyanate 
ions the electrocapillary zero was shifted to more negative potentials, and 
the cadmium maximum reappeared on the positive side of the electro- 
capillary zero. 

Similar phenomena were observed (48) in the electroreduction of (un- 
dissociated) maleic acid. The current -voltage curve of 0.02 M maleic 
acid in 1 N hydrochloric acid shows a pronounced maximum (note the 
occurrence of a maximum at this high electrolyte concentration), which, 
according to Heyrovsk# and Vascautzanu, is a negative maximum. 
When the maleic acid solution was made about 0.002 N with respect to 
potassium iodide the maximum disappeared, but it reappeared again as a 
positive maximum when the electrocapillary zero was shifted to still more 
negative potentials by further addition of iodide. 

Instead of changing the location of the electrocapillary zero, use can be 
made of complex formation to shift the discharge potentials of metal ions 
which are normally reduced on the positive side of the elcctrocapillary 
zero to more negative values, unlil they coincide with the elcctrocapillary 
zero, and the maxima then disappear. By adding a large excess of the 
complex-forming salt, the discharge potentials can, in certain cases, be 
shifted to such negative values that the maxima are changed from positive 
to negative maxima (48). 

4- Influence of external resistance in the cell circuit on the maxima 

BrdiCka (7) has recently shown that the acute maximum accompanying 
the discharge of mercurous ions from a slightly acid mercurous nitrate 
solution was greatly suppressed and almost completely eliminated by a 
high resistance in series with the cell. As the external resistance was 
increased from 26 to 5000 ohms the maximum decreased markedly, but 
the peak of the maximum was at the same value of the total applied 
e.m.f , that is, at the same value of the total potential drop across both the 
external resistance and the cell. The current -voltage curves during the 
deposition of mercury (depolarized electrode) were straight lines up to 
the peak of the maximum, the slope being determined by the total re- 
sistance according to Ohm’s law. The maximum occurred at the same 
total applied e.m.f., independent (within a certain range) of the external 
resistance, which means that the potential of the dropping electrode 
itself at the peak of the maximum was shifted to more positive values 
with increasing external resistance, or that the value of E e at the maximum 
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became smaller with increasing external resistance. At first glance this 
effect of external resistance is difficult to understand, since with the same 
value of E c we would expect the same current, independent of the external 
resistance. This actually is the case with the quiet mercury electrode, 
since in this case the external resistance cannot have an effect upon the 
height and location of the maximum. 

In order to interpret the peculiar effect obtained with the dropping 
electrode, we must realize that the measured values of the current and 
of E oe n are average values; the actual values of i and E ce n vary during the 
growth of the drop. In the one extreme case in which the external re- 
sistance is zero, the applied e.m.f. is equal to Ecen- Under these conditions 
the latter is constant during the growth of the drop, and, as will be shown 
below, the current during the formation of a drop when the electrode is 
depolarized will increase with the area of the drop. In the other extreme 
case, in which the internal resistance is negligibly small with regard to the 
external resistance, J? ce n will increase during the growth of the drop 
when the electrode is depolarized, but the current will remain practically 
constant after the very early stage of the formation of the drop. Hence 
the fluctuation of the galvanometer when dealing with a depolarized 
dropping electrode should decrease with increasing external resistance and 
finally should disappear. 

Lot us now compare the change of the current during the formation of a 
drop (depolarized electrode) in the two extreme cases when the average 
Z£ oe ii i^ the same, but when the external resistance in one case is equal 
to zero and in the other case is infinitely great. Naturally, with the 
same average E^n the average current measured will be nearly the same. 
In the absence of an external resistance the current should increase during 
the formation of the drop, but, on the other hand, with a large external 
resistance in the circuit the current remains practically constant after 
the very early stages of the formation of the drop. As the average current 
is the same in both cases, the current density during the early stages of 
the formation of the drop in the presence of a large external resistance is 
much greater than in the absence of external resistance. It has been 
stated earlier in this section that an acute maximum is characterized by a 
sudden polarization due to an exhaustion of depolarizer in the immediate 
vicinity of the growing drop. The drop then remains polarized, and the 
current drops from the maximum to the value of the diffusion current. 
Since the current density during the early stages of the formation of the 
drop is, with the same average Ecen, much greater with a large external 
resistance in the circuit than in the absence of an external resistance, the 
critical exhaustion of the depolarizer (maximum) will be obtained at a 
smaller average E e e\\ when the external resistance is great than when 
there is no external resistance in the circuit. From this it follows that the 
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height of the maximum must also decrease with increasing external 
resistance. Brdi6ka (7) calculated the change of the current with time 
as a function of the external resistance. His derivations are given below 
in a condensed form. 

When the dropping electrode is depolarized and the external resistance 
is equal to zero, the current is determined by Ohm's law: 


Z as 


Ea 
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(42) 


in which Wi is the internal resistance and E a is equal to the total applied 
e.m.f. The internal resistance changes with the size of the mercury drop. 
According to Ilkovi6 (54) 


W% = 


p 

47TT 


(43) 


in which p denotes the specific resistance of the electrolyte and r the radius 
of the mercury drop considered to be spherical. Earlier in this paper it 
has been shown that r is a simple function of the time t, 

r « at 1/z (44) 


in which a is a function of the characteristics of the capillary used (equation 
6). From equations 42, 43, and 44 it follows that 
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The average current, i\ according to Ilkovi6 (52) is 


4 tE< 

turnx. 


, Jo 1 


E, 


E a 


t 1 '* At - “ - 

W 4/3F»in. 


(46) 


in which W f is the mean resistance which is equal to 4/3 W m i n ., where 
W m i n . is the minimum resistance at the moment when the drop falls. 
When the drop is depolarized and the external resistance in the circuit 
is equal to W e , the current at any time t is given by 


. _ Ea _ p 4 7TOt m * 

* Wi + W. p + irat^W. 


( 47 ) 


and the mean current, i', by 
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The mean resistance, W', is given by the expression, 

W — 

, 3 W mm , „ /FmuV n /F mlB V 


“ +s (r.")’- 3 ta ( i 


Brdicka writes this expression in a simplified form: 

W' = W 9 + OtW min ( 50 ) 

in which a depends upon the ratio W m i n /W e as shown in the following 
table: 


W m in /We 


1/1000 1/100 1/10 1 10 100 

1 499 1 493 1.457 1 378 1 336 1 334 


In the electrolysis of a slightly acid mercurous nitrate solution, Ihe mini- 
mum resistance of which was 1008 ohms, Brdifika found that equation 50 
was valid within 2 per cent when the external resistance was varied from 
26 to 8026 ohms. 

From equation 45 it is evident that with the depolarized electrode the 
current should increase with t l/ * during the formation of a drop when the 
external resistance is zero. On the other hand, it is seen from equation 47 
that the current should not change during the formation of the drop when 
the external resistance becomes so great that p is negligibly small compared 
to 4 tt at uz W e . If this extreme condition is fulfilled, we can write, instead 
of equation 47 



Brdifika (7) determined current time curves during the formation of a 
drop in the neighborhood of the maximum in slightly acid mercurous 
nitrate solutions with the aid of a galvanometer of extremely short period 
with various external resistances in the circuit. In the absence of an 
external resistance the current increased continuously and rapidly during 
the formation of each drop, apparently in direct proportion to the increase 
of the area. With increasing external resistance the rate of increase of 
the current during the growth of the drop became increasingly less. In- 
deed, with a large external resistance the current became almost constant 
after the early stages of drop formation. The current- time curves ob- 
tained by Ilkovif (1936) in the electrolysis of oxygen in 0.002 N potassium 
chloride solutions in the immediate neighborhood of the maximum are 
also of interest in this connection and can be interpreted in a similar way. 
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IX. EQUATIONS OF POLAROGRAPHIC WAVES AND THE SIGNIFICANCE OF THE 

HALF-WAVE POTENTIAL 

The steeply rising part of a current-voltage curve between the decompo- 
sition potential and the potential at which a constant limiting or diffusion 
current is reached is known as a “polarographic wave.” In this section 
we shall consider the relations that exist between the potential of the 
dropping electrode and the corresponding current at each point on a 
polarographic wave, that is, the equations of polarographic waves. 

In the usual type of electrolysis experiment, employing large electrodes, 
relatively large concentrations of reducible or oxidizable substances, and 
thorough stirring, the concentration polarization is reduced to a minimum 
and the current increases almost without limit after the decomposition 
potential is exceeded. Under these conditions the current -voltage curve 
is practically a straight line, which follows Ohm’s law, with a slope equal 
to the reciprocal of the resistance of the cell. On the other hand, in 
electrolyses with the dropping mercury electrode, and platinum micro- 
electrodes in unstirred solutions, conditions are such that concentration 
polarization is favored as much as possible, rather than eliminated. Hence 
the normal polarographic waves (no maximum present) obtained wdth 
the dropping electrode are not straight lines but definitely S-shaped curves. 
The current at each point on a normal polarographic wave is an exponen- 
tial function of the potential of the dropping electrode. 

1. Electrodeposition of simple metal ions 

If the electrodeposition of metal ions at the dropping mercury cathode 
takes place reversibly according to the equation 

M n+ + ne + Hg M(Hg) 

then the potential at each point on the polarographic wave should be 
given by 

E = El- ( RT/nF) In (a a /oo) (51) 

In this equation a« is the activity of the deposited metal atoms in the 
amalgam formed on the surface of the mercury drops, Oo is the activity of 
the reducible metal ions in the layer of solution at the surface of the drops , 
and Ea is the standard or normal potential of the metal amalgam that is, 
the e.m.f. of the cell 

M(Hg)(a = 1) | M n+ (a = 1) || reference electrode 

If we introduce the usual relation between concentration and activity, 
equation 51 becomes 

' E = E° a - (RT/nF) In (/.//.) - (RT/nF) In (C a /C„) 


(52) 
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in which f a is the activity coefficient of the metal atoms in the amalgam 
and f a is the activity coefficient of the reducible metal ions in the solution. 

When an excess of foreign salt is present in the solution, the reducible 
ions reach the surface of the dropping electrode entirely by diffusion, and 
the current is governed by the rate of diffusion. In turn, the latter will 
depend directly on the difference in concentration between the depleted 
surface layer and the body of the solution, so Hcyrovsk# and Ilkovifc (44) 
write 

i - K(C - Co) 
or 


Co = C - (i/K) (53) 

in which i and C 0 are the current and the corresponding concentration in 
the depleted surface layer at each point on the wave, and C is the con- 
centration in the body of the solution. When a constant diffusion current 
is reached, C 0 will be reduced to a constant minimum value, and since this 
minimum value is negligibly small compared to C, we have 

i d = KC or C « i d /K (54) 

The validity of this equation, in which K is the diffusion current constant, 
has already been demonstrated. 

Heyrovsk# and IlkoviC (44) assume that the average concentration of 
the amalgam at any point on the wave is directly proportional to the 
current, that is, C a = ki. According to these authors (44) k is inversely 
proportional to the square root of the diffusion coefficient of the metal 
atoms in mercury. 

When the foregoing relations are introduced into equation 52, we obtain 

E - El — ( RT/nF ) In (fJcK/f,) - (RT/nF) In (i/(u - i)) (55) 

where E and i are corresponding values at any point on the polarographic 
wave. 

Now the half-wave potential, designated by Eu%, is defined as the po- 
tential of the dropping electrode at the point on the polarographic wave 
where i = i d j 2 . It is evident that when i = i d /2 the last log term in 
equation 55 is zero, and hence we find that 

E w = El- (RT/nF) In (fJcK/f.) (56) 

and 

E = E m - (RT/nF) In (i/(u - t)) (57) 

This is the equation of the polarographic wave in the electrodeposition of 
simple metal ions, first derived by Heyrovsk# and Ilkovi£ (44). 
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If equation 57 is valid, it is evident that a plot of E against In (t / (id — i )) 
should give a straight line with a slope equal to RT/nF, and the potential 
where the log term is equal to zero should be the half-wave potential. 
This prediction and the general validity of equation 57 in the deposition 
of various metal ions have been verified experimentally by TomeS (119) 
and Lingane (65). For example, the current-voltage curve of 0.001 M 
thallous chloride in 0.9 N potassium chloride, together with the straight 
line obtained by plotting E against log (i/(u — i)), is given in figure 22. 
The slope of the straight line is 0.061 volt, in good agreement with the 



0.40 0.50 0.60 0.70 

VOLTS 

Fig. 22. Teat of equation 57 in the discharge of 0.001 M thallous chloride from 
0.9 N potassium chloride. 

theoretical value 0.059 volt for the electrodeposition of a univalent metal 
ion, and the potential corresponding to a value of zero for the log term 
is the half-wave potential of the current-voltage curve. TomeS (119) 
and Lingane (65) have also verified equation 57 in the electrodeposition 
of lead, ca dmiu m, and indium ions from 0.1 N and 1 N potassium chloride. 
Some typical results (65) are shown in figures 23 and 24. In all these 
cases the log plot is a good straight line, with a slope in close agreement 
with the theory, which should be 0.030 volt for cadmium and lead ions 
and 0.020 volt for trivalent indium ions. 

The foregoing derivations are based on the assumption that the rate of 
i 
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diffusion is the current-determining factor. If this condition is not ful- 
filled, the slope of the current-voltage curve will be less than corresponds 
to equation 57. In such a case the plot of E against In (i/(id — i)) may 
still be a straight line, but the slope may not correspond to the true value 
of n. For example, we (65) found that the log plot of the current-voltage 
curve of nickel in ammoniacal medium was a straight line, but that its 

slope was less than corresponds to the known n value of 2. When gelatin 

was added to the solution, the slope deviated still more from the theo- 
retical value. This abnormal behavior may be caused by a certain degree 
of irreversibility (“chemical polarization”) in the deposition of nickel ions 
under these conditions. We (65) found that the slope of the log plot of 
the current-voltage curve of lead in neutral medium is also markedly 
changed (apparent value of n less than 2) when gelatin is present in the 
solution. 

By differentiating equation 57 we obtain 

dE/di - - (RT/nF)[(l/i) + (1 /(i d - i)] (58) 

d 2 E/di? - (RT/nF) [(1/i 2 ) - (1 /«* - i) 2 )) (59) 

Since the slope of the polarographic wave is di/dE, we see from equation 
58 that, the slope or steepness of the wave depends on both the valence, n, 
and the concentration of the reducible ions. Hence at a given value of E 
the slope of the wave should be greater, the greater the concentration of 
the reducible ions, and at a given concentration the steepness of the wave 
should be greater, the greater the valence of the reducible ions. In other 
words, at a given concentration the wave of a divalent ion should rise 
more steeply than that of a univalent ion. These characteristics of the 
waves are actually found experimentally. 

By setting the second differential (equation 59) equal to zero, we find 
that the curve of equation 57, and hence the polarographic wave, should 
have a point of inflection when i is equal to u/ 2. The half-wave potential 
thus corresponds to the true inflection point of the wave, and is therefore 
a significant constant for each reducible metal ion (44). 

We see from equation 56 that Eu% should depend on the values of 
El, K, k, f a , and At a given concentration of foreign salts, El, K, and /. 
will be constant and independent of the concentration of the reducible 
ions. Since the amalgams formed on the surface of the mercury drops are 
usually very dilute, we may safely assume that they behave as ideal 
solutions, and hence it is to be expected that k and /„ will also be almost 
constant in the range of amalgam concentrations involved in polarographic 
electrolyses. It is to be expected, therefore, that with a given composition 
of the solution with respect to foreign salts, the values of Em should be 
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practically constant and independent of the concentration of the reducible 
ions (38, 44). This has actually been found to be true by many investi- 
gators, and it is demonstrated by the data in table 8 that we have obtained 
(65). The constancy of Ei/% at various concentrations of the reducible 
ions is obviously one of the most important characteristics of polarographic 
waves from the standpoint of qualitative polarographic analysis. 

Since /, will decrease with increasing ionic strength, it is evident from 
equation 56 that the half-wave potentials of metal ions should be shifted 
to somewhat more negative values as the concentration of foreign salt is 
increased. However, since only the logarithm of /. is involved, a con- 
siderable change in the activity coefficient should have only a relatively 
small effect on the half-wave potential. 

TABLE 8 

Constancy of the half-wave potentials of several metal ions at various concentrations in 

0.1 N potassium chloride 

Half-wave potentials at 25°C. in volts, referred to the saturated calomel electrode 


c 

HALF-WAY® POTENTIALS 


Tl + 

Pb++ 

Cd+ + 

Zn++ 

millimoles per liter 

volte 

volte 

volte 

volte 

0 05 

(-0.45) 




0.1 

-0.462 

-0.396 



0.2 



-0.594 

-0.990 

0.5 

0.457 

0.396 

0.593 

0.989 

1.0 

0.460 

0.392 

0.594 


2.0 

0.456 

0.397 

0.601 

0.999 

5.0 

0.459 

0.394 

0.598 

0.992 

10.0 


0.398 

0.605 

-1.003 

Average. . . 

-0.459 =fc 3 

-0.396 dr 3 

-0.599 d= 5 

-0.995 dr 6 


It should also be mentioned that the half-wave potential of a given metal 
ion is usually not influenced by the preceding discharge of other metal 
ions or uncharged substances. The half-wave potentials of metal ions in 
mixtures arc, in general, the same as in their single solutions. In fact, 
the same is true for most reducible substances, both inorganic and organic. 
The half-wave potential is also independent of the particular capillary 
used and of the rate of dropping (44). 

According to Heyrovsk# and IlkoviC (44), the product kK in equation 
56 is equal to (Z>,/D a ) l/2 , where D a is the diffusion coefficient of the metal 
atoms in the amalgam formed on the surface of the mercury drops and D , 
is the diffusion coefficient of the reducible metal ions in the solution. 
Heyrovsk^ and IlkoviS assume that the quantity (D,/jD«) 1/2 is practically 
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equal to unity. On the basis of this assumption, and since the quotient 
fjft will also be of the order of unity, it follows that Ei/ 2 for a given metal 
ion should be at least approximately equal to Et. Furthermore, if we 
employ the usual convention that the activity of a solid metal is unity, 
then E Q a will be identical with the ordinary standard or normal potential 
of the metal, E^. Hence the half-wave potentials of the various metal 
ions should be about the same as the ordinary standard potentials. This 
is demonstrated by the following comparison of the values of E\/% and E& 
of various metals, referred to the saturated calomel electrode. The Z? l/2 
values of copper, sodium, and potassium ions have been taken from the 
compilation given by Heyrovsk# (38) 

Cu++ Pb ++ T1+ Cd++ Zn++ Na + 

Ei/% vs S C E +0 12 -0 396 -0 469 -0 699 -0 995 - 2 12 

JSfli vs kS.C E +0 10 -0 372 -0 582 -0 647 -1 008j -2 96 

It will be noted that the E m values are in most cases fairly close to the 
ordinary reversible standard potentials, except for the alkali metal ions 
whose half-wave potentials are of the order of 1 volt moie positive than 
the corresponding standard potentials 
The experimentally determined half-wave potentials of a large numbei 
of inorganic ions are shown in figure 25 This chart was compiled by V. 
Majer (44), and it is appropriately called a “polarographic spectrum” 
in analogy to the ordinary optical spectrum of the elements. 

In certain cases the reduction of metal ions at the dropping electrode 
may proceed simply to a lower valence state rather than to Ihe metallic 
state. This is the case, for example, in the* reduction of ferric, chromic, 
and cobaltic ions, which are respectively reduced to ferrous, chromous, 
and cobaltous ions. In such a case the reduction may be represented by 

M n+ + me M (n “ m)+ 

If this reduction takes place reversibly, the potential of the dropping 
electrode at any point on the wave should be given by 

E = E»- (. KT/mF ) In (/red //ox ) - (RT/mF) In (Cj* /C o 0 x ) (60) 

where c and Cqx are, respectively, the concentrations of the reduced and 
oxidized forms at the surface of the dropping electrode, and / i9 d and / ox . 
are the corresponding activity coefficients. It is evident that in this case 
E° is the ordinary standard oxidation-reduction potential of the system. 
In such a reduction the dropping electrode simply functions as an in- 
different electrode. If the solution originally contains none of the reduced 
form of the metal ions, it may be readily shown that the equation of the 


K 4 

-2 14 
-3 17 
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Fig. 25 
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polarographic wave should be identical in form with equation 57. Hence, 
just as in the electrodeposition of metal ions, the half-wave potential in 
the electroreduction of simple metal ions should correspond to the true 
inflection point of the wave and should be independent of the concentra- 
tion of the reducible ions (44). In agreement with this prediction, the 
current-voltage curves obtained by Prajzler (95) show that the half-wave 
potential in the reduction of chromic to chromouR ions is independent of 
the concentration of chromic ions. 

2. Electrodeposition of complex metal ions 

Although the deposition of metal ions from complex salts is much used 
in practical polarographic work (38, 50, 93, 106), the detailed kinetics of 
such reductions have not yet been thoroughly Rtudied. Experimentally, 
it is found that the half-wave potentials of metal ions are shifted to more 
negative values by complex formation (figure 25). The halt- wave poten- 
tials of complex metal ions are also generally independent of the concentra- 
tion of the metal ion complex, provided an excess of the complex-forming 
substance is present (44). 

Heyrovsky and IlkoviS (44) assume that the reduction of complex 
metal ions takes place in two steps according to the scheme 

MX ( £ m - n) M" 4 + 6X m ~ (61) 

M nh + nc + K%+± M(Hg) (62) 

They further assume that the dissociation of the complex proceeds rapidly 
enough to maintain equilibrium between the complex ions, the free metal 
ions, and the complex-forming anions at the surface of the dropping 


Fig. 25. “Polarographic spectrum” according to V. Majer. Values of the half- 
wave potentials of inorganic ionB in various media. I. Reduction and deposition 
potentials of cations in neutral or acidic solution. II. Reduction and deposition 
potentials of ions in alkaline solution. III. Reduction potentials of anions and 
molecules in neutral (solid line) or in acidic (dotted line) solution and in ammonia 
buffer (dashed line). NO*" and NOr m 0.1 AT lanthanum chloride. IV. Reduction 
potentials of complexes. Solid line, in 10 per cent sodium potassium tartrate; dashed 
line, in 1 N potassium cyanide. V. Depolarizing potentials of anions (anodic 
polarization). VI. Deposition potentials of cations of the commonly used in- 
different electrolytes present in excess (1000 X) in the solution. VII. Potentials of 
the large mercury reference electrode in solutions containing the usual anions in 
ca. 1 N concentration. (The numbers 0, 1, and 2 refer to chloride concentrations 
of 1, 0.1, and 0.01 N .) All values are the potentials at the half diffusion current 
except those which arc marked by a little circle signifying the contact point of a 45° 
tangent at a 2-cm. wave. The values of the potentials refer to the 1 N i alomcl elec- 
trode as zero and to room temperature. 
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electrode. If this assumption is correct, the concentration of free metal 
ions at the electrode surface should be given (44) by 

(M n+ ) = X ( (MX ( S* “ n)_ )/(X m ") 6 (63) 

where K e is the equilibrium constant (complex constant) of equation 61. 
On the basis of these assumptions Heyrovsk# and IlkoviC predict that the 
negative shift in the half-wave potential should be equal to ( RT/nF ) 1 nK c , 
when the concentration of the complex-forming anions, X m ~, is unity. 
It should be realized that this can be true only if the diffusion coefficient 
of the complex metal ions is the same as that of the simple (hydrated) 
metal ions. If the diffusion coefficients of the simple and complex metal 
ions are not equal, the negative shift in the half-wave potential will also 
depend on the logarithm of the ratio of the two diffusion coefficients, in 
addition to the logarithm of the complex constant. As yet thtse postu- 
lates have not been thoroughly tested experimentally. 

The kinetics of the reduction of complex metal ions is undoubtedly 
much more complicated than the scheme represented l>y equations 61 
and 62. In certain cases the rate of dissociation of the complex may be 
slower than the discharge of the liberated metal ions, and equilibrium will 
then not be maintained during the discharge. For example, Pines (93) 
has obtained evidence that the rate of dissociation of the various complex 
zinc cyanides is relatively slow, and that equilibrium is not maintained 
at the surface of the dropping electrode. Brochet and Petit (9) and 
Foerster (13), from studies of the alternating current electrolysis of com- 
plex metal cyanides, have obtained data which lead to the same conclusion. 
Furthermore, Herman (29) has obtained evidence that the dissociation 
of gold cyanide and gold hydroxide complexes and the rate of conversion 
of one complex into the other are relatively slow processes. If these inter- 
pretations arc correct, it is evident that the actual concentration of free 
metal ions at the surface of the dropping electrode will be smaller than we 
would calculate from equation 54, and the rate of dissociation of the 
complex, rather than its rate of diffusion, should be the current-deter- 
mining factor. 

It is also conceivable that the reduction of very stable complex metal 
ions may take place by the direct capture of electrons from the electrode 
without preliminary dissociation. In such a case the rate of the direct 
interaction of the complex metal ions with electrons, and not the rate of 
dissociation of the complex, should be the current-determining factor 
on the polarographic wave. If the positively charged central ion in the 
complex is well shielded the capture of electrons may be hindered, and the 
potential of the dropping electrode will then not correspond to equilibrium 
conditions. 
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TomeS (119) has studied the kinetics of the reduction of the weak elec- 
trolyte mercuric cyanide, a case quite similar to the reduction of complex 
metal ions. In this case the reduction apparently takes place reversibly. 
TomeS found that the current-voltage curve was not symmetrical with 
respect to the half-wave point, and that consequently the half-wave poten- 
tial was shifted to more negative values with increasing concentration of 
the mercuric cyanide (no excess cyanide present). He also found that 
the half-wave potential was greatly dependent on the pH of the solution, 
owing to the hydrolysis of the liberated cyanide ions at the surface of 
the mercury drops. TomeS showed that these results correspond with 
the theory on the basis that the reduction takes place reversibly. 

The discharge of hydrogen . The discharge of hydrogen ions at the 
dropping electrode has been the subject of numerous investigations, 
whicli arc discussed by Professor Hcyrovsk# in an accompanying paper 
in this Journal. Therefore we shall mention only a few of the more 
important results obtained. On the basis of theoretical consideration 
Heyrovsk^ (32) predicted that the discharge potential (not Ei l2 ) of hydro- 
gen ions should be shifted to more positive values with increasing hydrogen- 
ion concentration, according to 

(2RT/F) A In C w 

These predictions were experimentally verified by Herasymenko (25). 
Hcrasymenko and Slendyk (27) have also shown that the overvoltage of 
hydrogen is shifted to more negative values with increasing concentration 
of neutral salts in the solution. They showed that the negative shift 
in the overvoltage was greater, the greater the valence of the cations of 
the neutral salt, but that in all cases the discharge potential approached 
a limiting constant value with increasing concentration of the neutral salt. 

TomeS (119) has recently made a careful study of the discharge of 
hydrogen from strong and weak acids. In the discharge of hydrogen from 
hydrochloric acid in the presence of excess lithium chloride or calcium 
chloride, he found that /? 1/2 was not constant, but was shifted by 0.028 
volt to more positive values for a tenfold increase in the concentration of 
hydrochloric acid. In the discharge of hydrogen ions from acetic acid in 
the presence of excess lithium chloride, TomeS found that 2 ?i/ 2 was shifted 
by 0.087 volt to more negative values per tenfold increase in the acetic acid 
concentration. He also found, in the discharge of hydrogen from buffer 
mixtures of acetic acid and lithium acetate in excess lithium chloride, 
that El# was shifted to more negative values with increasing concentration 
of the lithium acetate at a constant concentration of acetic acid, but that 
with a constant concentration of lithium acetate E\f% was shifted by 0.027 
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volt to more positive values per tenfold increase in the acetic acid con- 
centration. 

Heyrovsk# and Muller (45), and especially Novfik (86), have studied the 
discharge of hydrogen and deuterium at the dropping electrode from 
mixtures of light and heavy water. Novak found that the half-wave 
potential of hydrogen from hydrochloric acid was 0.087 volt more negative 
in heavy water (99.6 per cent) than in ordinary water. The hydrogen 
overvoltage in light and heavy water and the separation coefficient of 
hydrogen and deuterium at the dropping mercury electrode have been 
exhaustively discussed by Heyrovsk# (39). 

S. Reduction of organic compounds 

According to Heyrovsky and IlkoviS (44), the reversible reduction of 
organic compounds at the dropping electrode may be represented by the 
equation 

R + nH+ + nc RH n (64) 

In the majority of cases n is equal to 2. If this reduction takes place 
reversibly the potential of the dropping electrode should be given by 

E = E° — ( RT/nF ) In (C 0 RH „/Cn) + (RT/F) In C° u + (65) 

If the solution originally contains none of the reduced form RH n , we may 
assume that Crh„ = ki. Furthermore, Cr at the surface of the dropping 
electrode should be related to the concentration of R in the body of the 
solution, Cr> by an expression analogous to equation 53, that is, 

Cr = Cr - i/K - (i d - i )/K (66) 

where, as before, K is the diffusion current constant. Hence equation 65 
becomes 

E = E°- (RT/nF) In (i/(i d - *)) - (RT/nF) In kK + (RT/F) In C,V (67) 

It is evident then that, if the reduction takes place reversibly, the current- 
voltage curve should be symmetrical about the half-wave point. Hence 
at a constant value of the hydrogen-ion concentration the half-wave 
potential should be constant and independent of the concentration of the 
reducible organic substance (44). This is found to be true in many cases 
(115). 

Furthermore, E° is the ordinary reversible oxidation reduction potential 
of the system. From equation 67 we sec that the half-wave potential 
when % — u/2 should be given by 


E m = P - (RT/nF) In kK + (RT/F) In 


( 68 ) 
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According to Heyrovsk^ and IlkoviS the product kK in this equation is 
equal to (D 0 x./D re< i.) 1/2 , where D ox . and D re d. are, respectively, the diffusion 
coefficients of the oxidized and reduced forms of the reducible substance. 
Since (D 0 x./D re d.) 1/2 will usually have a value close to unity, the half-wave 
potential in reversible reductions should be practically coincident with the 
reversible oxidation -reduction potential of the system at a given pH. 
Mtiller and Baumbergcr (81) and Tachi (115) have demonstrated that this 
is true in the reduction of quinone, in the oxidation of hydroquinone, and 
in the reversible oxidation and reduction of various other organic sub- 
stances at the dropping electrode. 

The reduction of many organic substances at the dropping electrode 
does not take place reversibly; in fact, irreversible reductions are more 
common than reversible reductions. For example, the reduction of nitro 
compounds, of most unsaturated compounds, and of aldehydes and ketones 
is an irreversible process at the dropping electrode. According to Heyrovsk# 
and Jlkovi6 (44) and Tachi (115), even in such cases the half-wave poten- 
tial is a characteristic constant, at a given pH, of the particular substance 
and is independent of its concentration. This has been demonstrated 
by Vopidka (125) in the irreversible reduction of fumaric and maleic 
acids. In the irreversible reduction of these substances the negative 
shift in Ei /2 with increasing pH is usually different from what we would 
expect from equation 68. For example, Voptfka found that the shift 
in the half-wave potential of maleic acid with increasing pH was twice as 
great, and that of fumaric acid three times as great, as would be expected 
from equation 68. This difference makes possible the differentiation of 
these two stereoisomers in alkaline medium. 

The effect of the structure of organic compounds, particularly aldehydes 
and ketones, on their reduction potentials at the dropping electrode has 
been studied by Shikata and Tachi (108), Winkel and Proske (126), Adkins 
and Cox (3), and Tachi (115). The reduction potentials of the various 
isomeric dinitrophenols and dinitrobenzenes have been studied by Shikata 
and Hozaki (107). Tables of the reduction potentials of a variety of 
organic substances have also been given by Heyrovsky (38) and Hohn (50). 
The reduction of organic compounds at the dropping electrode is <lis- 
cussed in detail by Dr. 0. H. Muller in an accompanying paper in this 
Journal. 

X. ANODIC CURRENT-VOLTAGE CURVES WITH THE DROPPING ELECTRODE 

So far we have discussed the current-voltage curves obtained with the 
dropping electrode functioning as cathode, that is, electroreductions. It 
is also possible to obtain current-voltage curves, and limiting currents, 
with the dropping electrode functioning as the anode of the cell. 
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Revenda (99) has shown that limiting currents are obtained with the 
dropping mercury anode in dilute solutions of halide, cyanide, sulfide, 
thiocyanate, hydroxide, and other ions which form insoluble or complex 
compounds with mercury. In such cases the primary electrode reaction 
is the anodic dissolution of mercury, 

2Hg ^ Hg? + + 2e (69) 

In solutions containing no ions which form insoluble or complex mercury 
salts, this reaction sets in at the dropping anode at about +0.3 volt (99), 
and with increasing positive potential the corresponding current increases 
rapidly and apparently without limit. If the anodic dissolution of mercury 
takes place reversibly, the potential of the dropping anode should be given 
approximately by 

E = 0.518 + (RT/2F) In C° Hg ++ (70) 

where 0.518 volt is the standard potential of the mercury electrode against 
the normal calomel electrode, and C# g {+ is the concentration of mercurous 

ions formed at the surface of the mercury drops. If the solution contains 
ions which form insoluble or complex mercury salts, the dropping anode 
will be depolarized and the current will increase rapidly when the potential 
is made sufficiently positive so that the concentration of mercurous ions 
at the surface exceeds the solubility product, or the complex constant, of 
the particular insoluble or complex mercury salt. For example, if the 
solution contains chloride ions, the dropping anode will be depolarized 
when the concentration of mercurous ions at the electrode surface exceeds 
the value $/(Cci-) 2 > where S is the solubility product of mercurous chloride 
(6 X 10~ 19 ) and Cci is the concentration of chloride ions at the electrode 
surface. Hence from equation 70 we calculate that in a 0.001 N chloride 
solution the dropping electrode should become depolarized and the current 
should increase at a potential of about +0.16 volt. This is in good 
agreement with the experimental value of +0.17 volt found by Revenda. 

When the dropping electrode is depolarized by chloride ions, the observed 
current is a measure of the rate of precipitation of mercurous chloride at 
the electrode surface. This rate, in turn, depends on the rate of diffusion 
of chloride ions up to the electrode from the body of the solution. As the 
potential is made more and more positive, the rate of diffusion of chloride 
ions approaches a constant value, and hence a limiting current results. 
The same principles apply in the case of other ions which form insoluble or 
complex salts with mercury. Revenda found that these anodic limiting 
currents were proportional to the concentration of the depolarizing ion, 
and that when several depolarizing ions were present in the solution each 
one produced its own characteristic wave on the current-voltage curve. 
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The potential at which a given ion at a given concentration depolarizes 
the dropping anode is, of course, more negative the more insoluble, or the 
more complex, the resulting mercurous salt is. The depolarization poten- 
tials of various ions, determined by Revenda, are indicated in figure 25. 

It is also possible for the dropping electrode to function simply as an 
indifferent anode in certain (chiefly organic) oxidation reactions. For 
example, Mtiller and Baumberger (81) have shown that hydroquinone can 
be oxidized to quinone to give a limiting current at the dropping anode. 
The range of potentials ovei which the dropping electrode can function 
as an indifferent anode is limited, of course, by the potential at which the 
dropping electrode becomes depolarized by depolarizing ions that may be 
present in the solution. For example, in a pure solution of potassium 
nitrate the dropping electrode can function as an indifferent anode up to a 
potential of about +0.3 volt, in solutions containing ehlonde ions up to a 
potential of about +0.2 volt, but in solutions containing sulfide ions only 
at potentials more negative than about -0.7 volt. In this respect the 
dropping mercury anode is quite limited in its application and less suitable 
than a platinum microanode. It should be possible to use a platinum 
microanode up to the potential at which oxygen evolution begins, that 
is, up to about +1.0 volt 

XI. ANALYTICAL APPLICATIONS OF THE POLAROGRAPHIC METHOD AND 
rOLAROMETRIC TITRATIONS 

1 . General applications 

It is impossible in the space available to giv e a detailed discussion of the 
many applications of the polarographic method in the various branches of 
chemistry and allied fields. We shall, therefore, confine the present brief 
review to a mere outline of practical polarographic analysis and to a few 
examples which demonstrate the versatility of the method. For more 
extensive discussions of practical details the reader is referred to the 
monographs of Heyrovsk^ (38), Somerano (104), and particularly that of 
Hohn (50), and the papers of Holm (51), Komula (60), Thanheiser and 
Maassen (117), Maassen (69), and Winkel and Rroske (127). The applica- 
tions of the method in microanalysis have been discussed by Heyrovsk# 
(34), Hamamoto (21), and Heller, Kuhla, and Machek (24). Details of 
special apparatus for micropola rographic analysis, with which a volume 
of solution as small as 0.005 cc. may be analyzed, have been discussed by 
Major (74). Applications of polarographic analysis in physiological 
chemistry and medicine have been made by Tropp (120), Seubciling (105), 
Rosenthal (100), Mandai (77), PetrASek (91), and Brdifika (6). 

We have seen that, under optimum conditions, the half-wave potential 
is a characteristic constant for each electroreducible substance (qualitative 
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analysis), while the diffusion current is proportional to its concentration 
(quantitative analysis). In general, the optimum conditions for practical 
polarographic analysis are as follows: (a) The migration current of re- 
ducible ions should be eliminated by having an excess of an indifferent 
salt present in the solution, (b) Maxima should be eliminated, (c) 
The diffusion current should be well defined, and preferably directly pro- 
portional to the concentration of the reducible substance (after proper 
correction for the residual current). ( d ) The concentration of foreign 
or indifferent electrolytes should be large enough so that a small variation 
in their concentration will not appreciably affect the diffusion current. 
(e) Adsorption of electroreducible ions (particularly heavy-metal ions) by 
the glass wall of the cell must be prevented. Such adsorption may be 
particularly marked when dealing with very small concentrations of 
heavy-metal ions (e.g., micropolarographic determination of lead ions), 
but it can usually be prevented by acidifying the solution. (/) Since 
diffusion current constants vary with the temperature, the latter should 
be controlled to at least =t0.5°C. 

In general the most suitable medium (i.e., nature and concentration of 
foreign electrolytes) for the polarographic determination of a given sub- 
stance must be determined by trial. In order to eliminate maxima and 
obtain well-defined diffusion currents and to insure a practically constant 
composition of the solution with respect to foreign electrolytes, Hohn 
(50, 51) recommends the use of so-called “Grundlosungen” or “regulating 
solutions ” These are composed of suitable salts, or salt mixtures, with 
the addition, when necessary, of substances which will suppress maxima. 
Some of the regulating solutions contain complex-forming salts, buffer 
mixtures, or reagents which will precipitate, or otherwise remove, inter- 
fering ions from the solution to be analyzed. The solution to be analyzed 
is added to about five or ten times its volume of the proper regulating 
solution. The most favorable composition of the regulating solution for 
each substance, or group of substances, to be determined must be estab- 
lished by preliminary experiments. Hohn (50) has given a list of regulat- 
ing solutions that he found to be most suitable for the determination of 
various metal ions. The reader is referred to his monograph and also 
to the papers of Maassen (69) and Thanheiser and Maassen (117) for 
details of their use. 

The residual current of each regulating solution should be determined 
in a “blank” experiment, and the value obtained subtracted from the 
observed diffusion currents in this particular regulating solution to obtain 
the true diffusion currents. 

When the (corrected) diffusion current of a given substance is directly 
proportional to its concentration, the diffusion current constant of the 
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substance in the particular regulating solution used may bo determined in 
preliminary experiments with known amounts of the substance. The 
concentration of this substance in the solution analyzed is thus obtained 
simply by dividing the (corrected) diffusion current of the substance by 
the diffusion current constant When the diffusion current is not directly 
proportional to the concentration, an empirical calibration curve may be 
used. 

The concentration of the particular substance responsible for a given 
wave on an “unknown” polarogram can also be determined in the following 
manner (50, 51). The polarogram of the “unknown” solution is first 
obtained in the usual way. A known amount of the substance in question 
is then added to the solution, and a second polarogram is obtained. From 
the increase (corrected for the residual current) of the diffusion current 
caused by the known addition, the original concentration of the substance 
can be easily computed by simple proportion. The particular advantage 
of this method is that the “calibration” (i.e., the diffusion current constant) 
is obtained under identically the same conditions with which the original 
polarogram was obtained, and accidental differences in composition are 
minimized Obviously, this “internal standard” method can be used only 
when the diffusion current is directly proportional to the concentration. 

When dealing with mixtures of electroreduciblc substances, it is often 
possible to detect and determine several of the constituents from a single 
current-voltage curve (figure 4). There is no difficulty in detecting and 
determining a trace of one substance in the presence of a large excess of 
another electroreducible substance when the former is reduced at a more 
positive potential than the latter. On the other hand, when a large excess 
of a more easily reducible substance is present in the solution of the sub- 
stance to be determined, the direct determination of the microconstituent 
becomes very difficult and often almost impossible. For example, it is 
easy to detect directly and to determine a trace of lead or cadmium in zinc 
or zinc salts, since the former ions are reduced at a more positive potential 
than zinc ions (figure 25), but it is impossible to determine directly a trace 
of zinc or cadmium in lead salts without previous separation. In cases 
like the latter, IlkoviC and Semerano (57) recommend that the diffusion 
current of the interfering major constituent be “Compensated” by sending 
a current of equal magnitude through the current-measuring galvanometer 
in an opposite direction from an outside source. In this way the wave 
of the microconstituent can be obtained on + he polarogram, but the cur- 
rent oscillations in this case are usually so large that the diffusion current 
cannot be determined accurately. 

In order to determine a microconstituent in the presence of a large 
excess of a more easily reducible substance, it is usually necessary to resort 
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to preliminary chemical or physical methods of separation. For instance, 
a trace of zinc in lead salts can be determined by first precipitating the 
lead with sulfate and then determining the zinc in the filtrate. It is often 
not necessary to filter off the precipitate of the interfering major constit- 
uent Furthermore, the precipitation of the major constituent need not 
be quantitatively complete; it is usually necessary only to reduce its con- 
centration to a value of about the same order of magnitude as that of the 
microconstituent to be determined. When such precipitation methods 
are used to remove interfering ions the possibility of coprecipitation of the 
microconstituent must always be kept in mind. 

When the half-wave potentials of two electroreducible metal ions are 
close together, their waves tend to overlap. Many such combinations 
may occur, as shown by the “polarographic spcctrum ,, in figure 25. In 
such cases it is often possible to separate the two waves by adding a 
reagent, or by employing a regulating solution which contains a reagent, 
that forms a stable complex with one of the constituents but forms no 
complex, oi a much less stable one, with the other. Foi example, the 
polarogram of a solution of potassium chloride containing lead and thallous 
ions shows only a single wave, but in the presence of potassium cyanide, 
tartrate, or an excess of hydroxide ions, the half-wave potential of lead is 
shifted to a more negative value while that of thallium remains virtually 
unchanged (figure 25). The result is the appearance of two separate 
waves, from which the concentrations of the lead and thallium can be 
found. If the single wave due to two substances cannot be resolved by 
complex formation, classical chemical methods of separation must be 
employed It will be obvious that in the case of overlapping waves the 
previous chemical separation must be quantitatively complete. 

Overlapping waves of organic substances can sometimes be resolved, or 
separated, by suitable adjustment of the pH of the solution. For example, 
in acid medium the waves due to a mixture of fumaric and maleic acids 
nearly overlap, but in alkaline medium two separate waves are obtained. 

It should also be mentioned that the diffusion current of a given sub- 
stance may, in certain cases, be influenced by the preceding discharge of 
another substance. For example, Lingane (65) found that the diffusion 
current of iodatc was greatly decreased by the preceding discharge of 
thallous or cadmium ions. This peculiar effect has not yet been explained 
and is being further investigated. 

Regarding the precision and accuracy of polarographic analysis the 
following brief statement may be made. Diffusion currents are easily 
reproducible within 1 per cent. When the proper correction for the 
residual current is applied, the concentration of a reducible substance can 
be determined within about db2 per cent when its concentration is greater 
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than 1 Or* M and within about ±10 per cent when the concentration is 
between 10 -4 and 10~ B M. On the basis of our experience we do not 
recommend the polarographic method for concentrations smaller than 
about 10~ B M. 

A unique advantage of the polarographic method is that the composition 
of the solution remains virtually unchanged, because the quantity of 
electricity passed through it is so very small. Hence after the electrolysis 
the sample can be used for other purposes, if desired 

One of the most useful applications of the polarographic method is the 
detection and determination of reducible metal ions in various substances. 
Typical examples of such applications are the determination of traces of 
lead in citric acid and the determination of traces of copper, lead, and 
cadmium in commercial zinc and zinc salts (38). Hohn (50, 51) has 
developed procedures for the rapid determination of copper, zinc, iron, 
lead, and nickel in brass and similar alloys. Thanheiser and Maassen 
(117) and Maassen (69) have applied the polarographic method to the 
determination of copper, nickel, and cobalt in steel. A rapid method 
for the polarographic determination of aluminum, zinc, manganese, and 
lead in commercially important magnesium alloys has been developed 
by Gull (18). Knoke (62) employed the polarographic method for the 
determination of zinc oxide in lithopone. The possibility of polarograph- 
ically differentiating various rare-earth metals in mixtures has been 
studied by Noddack and Bruckl (85) Leach and Terry (64) have em- 
ployed the polarographic method for the determination of scandium in 
aluminum salts. A simple method for the rapid determination of sodium 
and potassium, after preliminary separation by the perchlorate method, 
has been developed by Abresch (2). The polarographic determination 
of the alkali metals has also been studied by Major (73), lleyrovsk# and 
BureS (42), Lohnis, Melochc, and Juday (67), and Perrachio and Meloche 
(89). The polarographic microdetermination of manganese in biological 
material has been studied by Hamamoto (21). The use of “dithizone” 
for group separations of metal ions prior to their polarographic determina- 
tion in mineral waters has been studied by Heller, Kuhla, and Machek 
(24). Preliminary “dithizone” separations have also been used by Stout 
and his collaborators (114) for the polarographic determination of small 
amounts of iron, manganese, copper, bismuth, lead, cadmium, zinc, 
nickel, and cobalt in plant ash. These few examples illustrate the useful- 
ness of the polarographic method for the determination of metal ions m a 
variety of different materials. 

Various oxygen-containing anions are reducible at the dropping electrode 
and may be polarographic ally determined. As examples, we may mention 
nitrate and nitrite (118), molybdate (121), bromate and iodate (101), 
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and selenite and tellurite ions (103). It should be mentioned, however, 
that these reductions are irreversible, and that the shapes of the current- 
voltage curves arc greatly influenced by the composition of the electrolysis 
medium, especially by traces of polyvalent cations such as lanthanum 
ions (1 18). Hence in practical work the composition of the medium must 
be carefully controlled (by a regulating solution). 

It has already been mentioned that oxygen is reducible at the dropping 
electrode. Vitek (124) has made use of this fact for the determination of 
oxygen in various technical gases. Petering and Daniels (90) have 
recently employed the polarographic determination of oxygen for studying 
the photosynthesis and respiration of green algae ( [Chlorella pyrenoidosa) 
and the respiration rate of yeast, blood cells, and animal tissue. Accord- 
ing to these authors the polarographic method is superior to the classical 
manometric and Winkler methods for investigations of this kind, especially 
when the oxygen uptake is very small. 

The suppression of the prominent oxygen maximum by various capillary- 
active substances, such as dyes (98), lyophilic colloids (122), fatty acids 
(97), and alkaloids (20), may be used for determining traces of such sub- 
stances For example, Gosman and Heyrovsk^ (17) determined certain 
capillary-active impurities in petroleum and its distillates by their sup- 
pressive eflect on the oxygen maximum. Heyrovsk^, Smolef, and Stastn# 
(38) employed the same principle for differentiating between natural and 
synthetic vinegar. 

It has been mentioned that substances which decrease the overvoltage 
of hydrogen on mercury catalyze the evolution of hydrogen and cause the 
appearance of a catalytic wave at potentials more positive than the 
“normal” disehaige potential of hydrogen. For example, the discharge 
of hydrogen from strong acids is catalyzed by traces of noble-metal ions, 
such as platinum, ruthenium, and palladium (112, 111). This phenomenon 
may be utilized for the detection and determination of very minute 
amounts of these noble-metal ions. The distinguishing characteristic 
of such catalytic waves is that they are ten to twenty times larger than 
the waves due to simple reduction of the same concentration of the catalyst 
ion. Perrhenate ions in acetate buffers containing hydrogen sulfide also 
catalyze the discharge of hydrogen and cause the appearance of a catalytic 
wave. Heyrovsk# (37) utilized this fact for detecting traces of rhenium 
in manganous salts The discharge of hydrogen is also catalyzed by 
various quinoline derivatives, such as quinine, quinidine, cinchonine, and 
cinchonidine (88). 

Various proteins and organic compounds containing a sulfhydryl group 
(e g , cystine, cysteine) catalyze the evolution of hydrogen from the 
ammonium ion in ammonia-ammonium chloride buffers containing a small 
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concentration of cobalt or nickel ions (6, 40). The presence of cobalt or 
nickel ions is essential for the production of a catalytic wave. Proteins 
give the catalytic wave with either cobaltous or cobaltic ions, but with 
sulfhydryl compounds a catalytic wave is obtained only with cobaltous 
and not with cobaltic ions (differentiation between proteins and catalytic 
sulfhydryl compounds). BrdiCka (6, 8) has utilized the catalytic effects 
due to the sulfhydryl groups in denatured blood serum for the clinical 
diagnosis of cancer. According to his results the catalytic effect is smaller 
with carcinomatic than with non-carcinomatic serum. Rosenthal (100) 
has described several other practical applications of these catalytic effects 
in biological chemistry. 

The polarographic method gives promise of becoming a valuable tool 
in organic chemistry. A large variety of organic substances, including 
various aldehydes and ketones, nitro compounds, azo and diazo compounds, 
quinones, and simple unsaturates, are reduced and give well-defined waves 
with the dropping electrode. Applications of the polarographic method 
in organic chemistry are discussed in detail by Dr. O. H. Muller in an 
accompanying paper in this Journal. 

From the foregoing brief review it will be evident that the polarographic 
method is rapidly attaining an important place in quantitative and 
qualitative analysis. However, much fundamental and systematic 
research still remains to be done before the method can be used reliably 
and accurately for general analytical purposes. More systematic in- 
vestigations of the effect of the nature of the solvent on diffusion currents, 
the elimination of maxima, and irreversible oxidations and reductions 
are particularly needed. In order to avoid possible disappointments, we 
wish to warn practical analytical chemists that the method is still in the 
developmental stage. When dealing with complex and unfamiliar mix- 
tures, it is imperative to test the reliability of the method with synthetic 
mixtures of composition closely comparable to that of the unknown. 

2. Polarometric titrations 

A new method of electrometric titration employing the dropping 
electrode has recently been introduced by Heyrovsk# (33) and Heyrovsk# 
and Berezick# (41). The method is based on the-decrease of the diffusion 
current of a reducible substance when it is removed from solution by 
titration with a suitable reagent or on the sudden increase in current at 
the equivalence point when the reagent is titrated with a solution of a 
reducible substance. The general principles of the method have recently 
been discussed by Majer (75), who coined the name “polarometric titra- 
tion” for it and studied the direct and reverse titration of lead with sulfate. 

The application of polarization phenomena to titrations is not new. 
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The “dead-stop end point” method of Foulk and Bawden (14) and the 
method of Guzm&ti and Rancano (19) are based on the sudden polarization 
or depolarization of an indicator electrode at the equivalence point and a 
corresponding abrupt change in current. However, these methods are 
based on “chemical polarization,” whereas polarometric titrations with 
the dropping electrode are based on concentration polarization. Hardly 
any work has been done as yet to introduce polarometric titrations into 
general volumetric practice. At the present time, systematic studies 
of the 4 method are being conducted in this laboratory, and from the results 
obtained so far we predict that in the future polarometric titrations will 
become as important and useful in volumetric analysis as potentiometric 
titration methods. 

Since we are planning to publish more extensive papers on the subject 
in the near future and space in this paper is limited, we shall confine the 
present discussion to the basic principles of polarometric titrations, and a 
few examples which indicate its possibilities. Suppose that we titrate a 
dilute solution of lead ions with oxalate in a polarograpbic cell, with the 
applied em.f. maintained constant at a value such that the diffusion 
current of lead is obtained, and measure the diffusion current after each 
addition of the standard oxalate solution. The titration curve will be as 
shown schematically in figure 26a. The diffusion current decreases 
continuously during the titration as the lead ions are removed by precipita- 
tion as lead oxalate. When the equivalence point is reached, and the 
precipitation of lead is fairly complete, the current becomes constant and 
independent of further addition of oxalate. When the solubility of the 
precipitate is negligibly small the break at the equivalence point will be 
sharp, and the final constant current will be very small and practically 
equal to the condenser current. If the solubility of the precipitate at 
the equivalence point is not negligible, the titration curve will be more or 
less curved in the region of the equivalence point. In such a case (e.g., 
titration of Pb ++ with SO 4 ") the end point is found from the intersection 
of the extrapolated straight portions of the curve after correction for the 
dilution effect, much in the same way as the end points of conductometric 
titrations are determined. If the solution being titrated contains another 
reducible substance which is reduced at the particular value of the applied 
e.m f. but wliich is not precipitated or otherwise removed by the reagent 
employed, the final constant current will be almost equal to the diffusion 
current of this substance. For example, this would be the case if a solution 
of lead were titrated with oxalate without removing air from the solution. 

Suppose that the ion to be determined is not electroreducible at the 
particular value of the applied e.m.f. used, but the reagent ion is. This 
is the case, for example, when barium is titrated with chromate in neutral 
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solution with the applied e.m.f. at 1.5 volts or less. The curve of this 
titration is shown schematically in figure 26b. 

The sharpest break at the equivalence point, and the most accurate 
results, are to be expected when the ion being titrated and the reagent 
ion are both reducible at the particular applied e.m.f. In such a case the 
titration curve will be V-shaped. For example, in the titration of lead 
ions with chromate the titration curve is as shown schematically in figure 
27a, because both lead and chromate ions are reducible at the dropping 
electrode. 






Fig. 26 Fig. 27 

Fig. 26. Schematic representation of polarometric titration curves 
Fig. 27. Schematic representation of polarometric titration curves 

The foregoing titrations have actually been performed in this laboratory 
with excellent results. The polarometric titration method promises to be 
particularly valuable in cases for which reversible indicator electrodes are 
not available for titration by the classical potentiometric method. Polaro- 
metric titrations arc also especially suitable for very small concentrations. 
For example, a 10~ 4 molar lead solution can easily be titrated with 
chromate. 

It is also to be expected that use can be made of fractional precipitation 
for determining two substances by a single titration. For example, if the 
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solubilities of lead chromate and barium chromate are sufficiently different, 
and if barium ions do not eoprccipitate with lead chromate, it should be 
possible to titrate a solution containing lead and barium ions with chro- 
mate. If the foregoing conditions are fulfilled, the titration curve should 
be as shown schematically in figure 27b. The first break corresponds to 
the complete precipitation of lead and the second to that of barium. 

Many other types of polarometric titrations are possible. We have 
titrated chloride ions with silver by employing the dropping electrode 
as anode (sec section X). In this case the current is originally negative, 
decreases to zero at the equivalence point, and then becomes positive 
when an excess of silver ions has been added. The titration curve is 
practically a straight line, and the equivalence point is indicated by zero 
current. Under suitable conditions various oxidation- reduction and 
complex-formation reactions can also be made the basis of polarcmetric 
titration methods. In future publications limitations of the polarometric 
titration method will be discussed. 

XII. SUMMARY 

1 . The fundamental principles of polarography developed by Heyrovsk# 
and his school have been discussed in detail. Applications of the method 
to problems in physical, organic, and analytical chemistry, and in allied 
fields have been pointed out. 

2 From the analytical viewpoint much systematic work remains to be 
done before the polarographie method can be generally applied. It is 
anticipated that polarometric titrations will become an important method 
in volumetric analysis 

3. The “apparent diffusion current” is the sum of the true diffusion 
current and the condenser current. 

4. The factors determining the occurrence of maxima are involved and 
not completely understood. 

5. Quito generally an electroreducible substance is characterized by its 
constant “half-wave potential.” When the electroreduetion on the 
dropping mercury electrode is reversible, a mathematical analysis of the 
polarographie wave yields the number of electrons involved in the electro- 
reduction. 
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I. INTRODUCTION 

Considerable effort has been made for many years to apply the usually 
simple and accurate methods of electrochemistry to the study and analysis 
of organic compounds. Valuable results have been obtained wherever 
these methods have been applicable. When J. Heyrovsk# demonstrated 
the usefulness of the dropping mercury cathode iqr the study of inorganic 
reductions, interest in the application of this technic to the field of organic 
chemistry was aroused. The first organic substance to be reduced at the 

1 Presented in part before the Division of Physical and Inorganic Chemistry at 
the Ninety-fifth Meeting of the American Chemical Society, held at Dallas, Texas, 
April 18-22, 1938. 
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dropping mercury cathode was nitrobenzene. This reduction was studied 
in 1925 by M. Sliikata, who was working at that time in the Prague 
laboratory (90). Plotting current against applied voltage, he obtained a 
curve which resembled that due to a reduction of metallic ions. After 
the development of the polarograph (39), many reducible organic com- 
pounds were studied; the results were reproducible, the reduction po- 
tentials of the various substances were different, and the current was 
observed to be a function of concentration. Therefore it seemed reason- 
able to expect that in organic chemistry qualitative and quantitative 
analyses should be possible by means of the polarographic method. How- 
ever, the difficulties encountered were far greater than in inorganic re- 
duction; consequently analyses of organic materials were achieved only 
in isolated cases under well-controlled conditions. At present the quali- 
tative and quantitative analysis of a mixture of organic compounds in 
unknown solutions is of doubtful value 

In addition to qualitative and quantitative analyses, the polarographic 
method may be used in studies of the influence of substituted group- and of 
conjugated double bonds on the reduction potential, in examinations of 
organic reactions such as complex formation (including catalysis), tau- 
tomerism, and polymerization, and in investigations of the nature of the 
processes at the electrode surface. 

The pioneer studies of organic compounds with the polarograph, done 
in the laboratories of Heyrovsk^, Shikata, and Scmerano, were devoted to 
the accumulation of sufficient empirical data to serve as the basis for the 
development of more refined investigations. While interpretations of 
these experiments had to remain highly speculative until the value of the 
“half-wave potential” had been demonstrated by Heyrovsk# and Ilkovi6 
(38), they often gave enough information to permit predictions of the 
reducibility of compounds. Refinement of the technic and a better 
understanding of the principles involved have made necessary a number 
of corrections of these pioneer exploratory investigations. Today almost 
one half of over four hundred papers on polarography deal with organic 
reactions, and it appears that the interest in this field is going to exceed 
that given to inorganic reductions. 

A description of the polarographic method has been omitted in this 
review because it is given in the preceding paper by Kolthoff and Lingane 
(49), who also discuss the papers dealing with the suppression of maxima 
and with the effect of the solvent. Different solvents have been used, 
but only aqueous solutions are considered in this paper. 

In the absence of a theoretical discussion of the organic reactions in 
general treatments of polarography (36, 43, 75), this paper deals with 
some of the underlying theories and their relation to established prin- 
ciples of electrochemistry. An attempt is made to show the difference 



POLAROGRAPHIC METHOD IN ORGANIC CHEMISTRY 


97 


between reversible and irreversible reactions at the dropping mercury 
electrode and to demonstrate the importance of buffering and the 
significance of the half-wave potentials. 

II. EVALUATION OP CURVES 

In the paper (49) preceding this one it has been shown that the reduc- 
tion of inorganic ions at the dropping mercury electrode is well enough 
understood to lend itself to accurate and quantitative description. A 
similar treatment for organic reactions is not yet possible, since they are 
much more complex because of the greater number of variable factors. 
Many of these factors, which also apply to inorganic reactions, have been 
discussed by Kolthoff and Linganc (49). However, the fundamental 
difference between inorganic and organic reactions is that hydrogen in 
some form is always involved in the latter, so that the pH and buffer 
capacity of the solution and the dissociation constants of reductant and 
oxidant have to be considered. For studies of tautomerism, polymeriza- 
tion, and reaction kinetics it is necessary to have precise knowledge of 
the temperature, the age of the solution, and the concentration. So far 
these factors have not received sufficient attention and often have been 
entirely neglected. 

The greatest difficulty in correlating the results of different authors 
arises from the varying methods of potential measurement. Considering 
that a single substance may have any number of reduction potential values 
depending on the pH (see figure 5), a uniform definition and accurate 
determination of these values becomes of much greater importance than 
in the inorganic field. It is by no means sufficient simply to give the 
polarographically applied voltage at a certain point of the curve; the anode 
potential and the drop in potential ( iR drop) in the solution have to be 
known accurately. 3 From these three values the real potential at the 
dropping mercury electrode can be calculated and referred to some common 
standard. 

1. Potential of the non-polarizable (quiet) electrode 

The voltage applied to the dropping mercury electrode is measured 
against the potential of the non-polarizable (quiet) electrode or reference 

* This cannot be emphasized strongly enough because even in a recent paper (1) 
a complete failure to realize its importance has led to some obviously wrong conclu- 
sions. The potential of the large mercury layer anode was assumed to be of about 
the Bame order in an ammonium chloride and in an alkaline solution and only the 
*' ‘potential across the cell’ 1 was considered. On this basis it was concluded that 
variation in the electrolyte in the solution of an organic compound exerted almost 
no influence on the polarographic reduction potential of the compound. Such a 
statement seems to me almost equal to saying that the potential of a quinhydrone 
electrode is the same at pH 1 and at pH 7, when the reference electrode is a hydrogen 
Electrode. 
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electrode (58). It is essential that the potential of the reference electrode 
be accurately known or measurable and that it remain constant even when 
fairly large currents are drawn, if these polarographic measurements are 
to have any meaning. Normally this electrode serves as anode, because 
most polarographic investigations deal with reductions at the dropping 
mercury cathode. While the anode may consist of any system meeting 
the above requirements, it has been the custom to use a large mercury 
layer at the bottom of the electrolytic vessel covered with a solution of a 
known chloride-ion concentration. Such an electrode has been found very 
satisfactory in inorganic reductions, as it immediately brings back into 
solution the metal which was deposited at the cathode, thus insuring an 
unchanged solution. This particular advantage does not exist for organic 
reactions, most of which are irreversible. The disadvantages encountered 
are as follows: ( 1 ) The anode potential cannot be assumed to be that of a 
calomel electrode at the corresponding concentration of chloride ions; for 
accurate work this potential has to be measured in each solution against a 
standard half-cell. (2) The potential of the large mercury layer, when 
used as the cathode, is very poorly poised unless a layer of calomel has 
previously been deposited on its surface. 

A standard calomel half-cell with a large surface, the potential of which 
is accurately known and which can be checked from time to time, has also 
been found very satisfactory (59). Its potential remains constant within 
a few millivolts up to fairly high currents whether it serves as anode or 
cathode. It is connected to the solution by means of agar bridges. A 
comparison of the polarograms is simplified because all curves are auto- 
matically referred to the same electrode. If potassium chloride-agar 
bridges are used, the potential measurements are limited to a range between 
the deposition of chloride and potassium ions. This can be increased, 
when more positive potentials have to be measured, by using potassium 
nitrate bridges (58). Perhaps lithium nitrate or tetramethylammonium 
nitrate bridges would be still better. The disadvantages of this sort of a 
reference electrode are that the use of the agar bridges introduces some 
errors due to liquid junction potentials and increases the resistance in the 
circuit. Repeated resistance measurements become necessary, therefore, 
when bridges are changed and relatively large currents are drawn, to 
correct the observed potentials for the iR drop. 

2. Potential of the dropping mercury electrode 

The potential of the dropping mercury electrode is determined from the 
polarogram. The applied voltage is read at a well-defined point on the 
current- voltage curve, then iR is subtracted, and this corrected voltage is 
added to the known potential of the large reference electrode. The latter 
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may be referred to any standard. The finding of a suitable point on the 
current voltage curve for characterization of the reducible substance has 
been one of the major problems in polarography. It was solved by 
Heyrovsk# and IlkoviS (38), who proposed the so-called “half-wave 
potential”. This is the point of inflection of the smooth “S” curve which 
polarographers have called “wave”, and it is very easily measured by 
drawing two tangents to the ends of the “wave”. The tangents must be 
parallel. A third line midway between the tangents will cut the wave at 
its point of inflection and give the uncorrected half-wave potential. If 
the two tangents should not be parallel, one tangent to the most easily 
determinable end of the wave will suffice. The second line is then drawn 
parallel to the first at a point which seems to indicate the end of the wave. 
The half-wave potential is obtained as above; it will be changed but little 
by slight variations of the second line. 

This half-wave potential has been found very convenient in inorganic 
work (for a more detailed discussion see reference 49), as it is a constant and 
is independent of the drop time, the rate of flow of mercury, the concentra- 
tion of the reduced material, and the sensitivity of the galvanometer. Its 
significance in organic reductions and oxidations lias been demonstrated 
by Muller and Baumberger (59) for reversible oxidation-reduction systems. 
Irreversible reductions can also be well characterized by it, as will be 
shown later in this paper. It seems, therefore, justifiable to recommend 
strongly the use of the half-wave potential for future determinations 
wherever possible. Its use is still somewhat doubtful for curves with 
maxima (see, however, references 18 and 124), and its application becomes 
impossible when the galvanometer deflections are so great that the whole 
wave cannot be brought onto the polarogram. There is also some indica- 
tion (1) that the potentials are not constant when more than one organic 
substance is reduced. 

For cases in which the half-wave potential method fails and for an under- 
standing of the older literature the following alternative methods are 
listed: (1) A 45° tangent is drawn to the curve, and the applied e.m.f. 
corresponding to the point of contact is used (Heyrovsk^'s old method). 
(2) The applied e.m.f. at the point of maximum curvature (tangent at 
35°16') of the current-voltage curve is used (Semerano). (3) That value 
of the applied e.m.f. is taken at which an increase of 10 millivolts has 
caused a rise in current of 1.9 X 10~ 8 amperes (Shikata). 

The most outstanding shortcomings of these methods arc that the 
potentials change with the concentration of the reducible substance, with 
the sensitivity of the galvanometer, and with the drop time and the rate 
of flow of the mercury. The exact conditions for standardization of the 
values always had to be stated in order to make a reproduction of the 
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results possible. Furthermore, the third method necessitates a high 
sensitivity of the galvanometer, which makes the determination of a second 
reduction potential on the same polarogram very difficult. In addition 
to the variations and combinations of these methods, proposed by different 
authors, LeBlanc’s well-known method of extrapolation to zero current 
has been used (126, 127); the measurement of R is thus eliminated (see 
the interrupted lines in figure 3), but the fact that only a very small por- 
tion of the wave resembles a straight line makes the extrapolation uncer- 
tain, and difficulties arise when more than one wave is present on the 
polarogram. 

If sufficient care is taken the half-wave potentials can easily be obtained 
with an accuracy of db 10 millivolts. It should be possible to increase 
this accuracy to about 1 millivolt with the apparatus which is available 
at present. 


S. Corrections for the “iR” drop of potential in the solution 

These corrections become necessary when the product of current and 
resistance exceeds 1 millivolt. This means that in the case of a resistance 
of 5000 ohms and a galvanometer sensitivity of 2 X 10~* amperes per 
millimeter per meter, corrections will have to be made only when the 
deflection exceeds 1 cm. at a galvanometer sensitivity of 1/10. At a 
sensitivity of 1/100, the correction will be 10 millivolts if the deflection is 
1 cm. and 20 millivolts if the deflection is 2 cm. R is measured by means 
of a Wheatstone bridge or by determination of the slope of a maximum 
(44). A simple graphic correction of the half-wave potential for iR is 
demonstrated by Mtiller and Baumberger (59) for reversible oxidation- 
reduction systems. Another method for the correction of the half-wave 
potential for iR in irreversible reductions is demonstrated in figure 4. 
Without change of the bridge, indifferent electrolyte, or galvanometer 
sensitivity, polarograms are taken of the reducible substance at slightly 
different concentrations. A line drawn through the different half-wave 
potentials thus obtained will cross the galvanometer zero line at a point 
corresponding to the potential value which is already corrected for iR. 

4. Current considerations 

Since the various currents observed have been discussed in detail by 
Kolthoff and Iingane (49), little need be said about them here. In general 
the same considerations hold for organic reactions as for inorganic reduc- 
tions. 

The currents are usually plotted on the vertical axis of the polarograms, 
while the applied voltage is plotted horizontally. If no current is flowing 
while the potential across the cell is increased, the galvanometer will 
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remain at rest and a horizontal line on the polarogram will be obtained, 
which may be called the “galvanometer zero” line. If a substance is 
reduced and the galvanometer deflection is above the line, the dropping 
mercury electrode is the cathode; conversely, oxidation of a substance at 
the dropping mercury electrode, now anode, results in deflection of the* 
galvanometer below this line (59). The currents are cathodic and anodic, 
respectively. 

In inorganic reactions only cathodic currents have been observed, with 
the exception of anodic currents due to the oxidation of mercury, flow- 
ever, in reversible organic reactions curves are often obtained which go 
continuously from anodic to cathodic current. The later models of polar- 
ographs are equipped with an attachment (55) which makes such continu- 
ous anodic and cathodic polarizations possible*. 

III. REVERSIBLE OXIDATION REDUCTION 8\ STEMS 

1. Eo and half-wave potentials in well-buffered solutions 

Certain compounds, when in solution with their reduction products, 
form systems which are strictly reversible under ordinary conditions. 
When equilibrium is established, an indicator electrode (58) immersed in 
such a solution has a definite and reproducible potential, which is a log- 
arithmic function of pH and of tlu* ratio of tlu* concentrations of the 
oxidized to the reduced substances. These' systems are the ones in which 
oleetrochemists have* been interested, because* the potentials obtained can 
be* use»el for a ve*ry rigorous and accurate treatment of oxidation and redue- 
tion processes. The classical example* is the quinliydrone olee*trode; 
oxidant (quineme) and reductant (hydroquinonc) are* pre*sent in c»qual 
concentrations, and the potential is entirely a function e>f pH. The 
e*xe*(*ll(*nt work of Clark and his collaborators on a series of dye's (20) has 
greatly increased our knowledge of such proe*esses. 

Probably because these equilibrium studies seemed quite* different from 
those with a moving e*lectrode surface and continuous reae*tion, polar- 
ographers paid little attention to sue*h systems until 1937, when Muller 
and Bauniberge*r (59) made a detailed study of the behavior of quinliydrone 
at the dropping mercury electrode. They used wel 1-buff ered solutions 
containing either quinone, or hydroquinonc, or* both (quiuhydrone). The 
observed current voltage curves showed that the oxidation of hydro- 
quinone gave rise to a wave of anodic current which was identical in 
appearance with the wave of cathodic current due to the reduction of 
quinone. Quinliydrone in solution dissociates into equivalent amounts of 
quinone and hydroquinonc, and the polarogram shows a wave, half of 
which is made of anodic current and half of cathodic current (figure i). 
At the midpoint of this curve no current flows. This point is the half-wave 
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potential and corresponds to the well-known Eq value that has been 
obtained with indicator electrodes when the galvanometer serves only as 
null-point instrument. Interestingly enough, when only reduct ant or 
only oxidant is present , the half-wave potentials obtained (corrected for 
iR) are identical with the Eo value (figure 1). This means that at the 
half-wave potential the conditions at the electrode surface must have been 
the* same in the three instances, i.e., the concentrations of oxidant and 
reductant were equal, and the pH was constant. Thus one-half of all the 
molecules of quinone which diffuse to the cathode in unit time must have 
been instantly reduced at the half-wave potential, and the hydroquinone 
formed must have remained at the electrode surface long enough to pro- 




Kig. J. Polarogram of (1) quinone reduction, cathodic current, sensitivity 1/70, 
(2) quinliydrone, anodic and cathodic current, sensitivity 1/70, and (3) hydro- 
quinone oxidation, anodic current, sensitivity 1/40. Buffer solution at pH G.67 
Half-wave potential corrections are indicated. 

Fig. 2. Polarogram of quinhydrone (10 -3 M) in 0.1 N potassium nitrate solution, 
unbuffered. 0 indicates zero applied voltage (anode potential = +0.250 volt). 

duce the potential. Similarly, one-half of all the hydroquinone ions which 
diffuse to the anode in unit time are oxidized to quinone and remain at 
the electrode surface long enough to establish the condition of Eq. 

For further discussion it must be clear that an electrode can be polarized 
to any desired potential without any appreciable flow of current as long 
as no depolarizer is present. Any material which can furnish or accept 
electrons can act as a depolarizer, but only when the electrode has been 
brought to a suitable potential. When that potential is reached by 
applying voltage from some other source, it is kept constant by the transfer 
of electrons between depolarizer and electrode, that is, by the flow of 
current. An increase in applied voltage will produce an increase in 
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current, while the electrode potential will still be practically the same (09), 
provided no concentration polarisation occurs. This is another way of 
stating the formula which has been emphasised: 

Electrode potential =* applied voltage — (current X resistance) 

The ability to depolarise is, of course, a function of concentration (among 
other factors), so that an applied voltage can be reached at which polarisa- 
tion of the electrode will be again possible (diffusion current). In inorganic 
reductions usually a metallic ion is the electron acceptor, and the reduction 
product is a metal (amalgam). In organic reductions, either the organic 
molecule or its ion is the acceptor, and thcr reduction product is a negatively 
charged organic ion which may or may not undergo secondary reactions. 
If the reduction product is stable, its dissociation constant is, of course, of 
prime importance. For instance, if the formed ion is in a medium which 
is on the acid side of its p K a , it will at once combine with hydrogen ions 
and thus alter the pH at the electrode surface unless it is weQ buffered. 

2. Eo and half-wave potentials in unbuffered eolations 

As is well known, the quinhydrone electrode is used for the determina- 
tion of pH because its potential is a linear function of pH at constant 
temperature in the range of pH 1 to pH 8. This dependence is due to the 
weak acidity of hydroquinone and to the fact that in the electrode reaction 
only the ionic form of hydroquinone can be considered :* 

Q + 2© + 2H+^Q— + 2H+^HiQ 

The identity of the half-wave potentials of quinone reduction and hydro- 
quinone oxidation demonstrates that the equilibria shown in this formula 
must be established with extreme rapidity. The constancy of the pH at 
the electrode surface implies, furthermore, a similarly rapid dissociation 
or association of the buffer molecules and ions present. 

This last consideration led the author to a polarographic investigation 
of quinhydrone in unbuffered solutions (57). It was found that the smooth 
single wave obtained with quinhydrone in buffered solutions (figure 1) 
broke up into two entirely separate waves when a potassium nitrate solu- 
tion was used (figure 2). It could be ascertained that these were caused 
by the reduction of quinone and the oxidation of hydroquinone, respec- 
tively. The half-wave potentials, of course, were no longer equal and did 
not indicate the pH of the potassium nitrate solution, which was practically 
neutral. The pH calculated from the quinone reduction half-wave po- 
tential was about 10, and that from the hydroquinone oxidation half-wave 

4 For an excellent treatise on this subject see Clark (30). 
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potential was about 3. These phenomena could be satisfactorily explained 
by a consideration of the above formula, where hydrogen ion can come 
only from water or hydroquinone. 

In the oxidation of hydroquinone to quinone, two hydrogen ions will be 
liberated for each hydroquinone molecule oxidized. In an unbuffered 
solution those hydrogen ions will remain at the electrode surface, changing 
the reduction potential by a change of pH. Therefore, when one-half of 
all the hydroquinone molecules are oxidized, the hydrogen-ion concentra- 
tion at the electrode surface will be equimolar to the original concentration 
of hydroquinone or quinhydrone. In the above case the quinhydrone 
concentration was 10~* M ; the pH at the half-wave potential should then 
be 3, which is the observed value. When the concentration of quinhydrone 
was changed to 10~* M, the half-wave potential of the corresponding wave 
indicated a pH of 4 at the electrode surface. 

In the reduction of quinone hydrogen ions are necessary to combine 
with the hydroquinone ions which are formed. In the absence of a buffer 
they must come from water, the pH of which is of course changed simul- 
taneously. Around pH 10, however, the dissociation constants of hydro- 
quinone are reached, hydroquinone is now capable of existing in the ionic 
form in the solution, and, as a rough approximation, no more hydrogen 
ions are necessary for further reduction. It can be argued from this that 
the half-wave potential reaches a limit in the neighborhood of the dissocia- 
tion constant of the reductant in unbuffered solutions.' 

When to such unbuffered solutions a suitable buffer is added in a con- 
centration below that of the quinhydrone, a third wave appears between 
the two waves mentioned; this indicates the buffer action at the electrode 
surface (57). In other words, the trace of buffer added has a certain 
capacity, limited by its concentration, to keep the pH constant; when the 
buffer at the electrode surface is exhausted, the pH can change. The sum 
of these three waves is, of course, a constant and depends on the concen- 
tration of quinhydrone. When the buffer concentration is made greater 
than that of quinhydrone, it is fully able to keep the pH at the electrode 
surface constant even though all of the hydroquinone be oxidizfed, or all 
of the quinone be reduced. In this case the continuous anodic-cathodic 
curve characteristic of reversible oxidation-reduction systems is obtained. 

S. Applications 

The polarographic method can be applied to the study of reversible 
oxidation-reduction systems, the potentials of which fall within the range 

* For convenience in this treatment, the two ionisation constants of hydro- 
quinone, which are 1.75 X 10 -1 ' and 4 X 10~ M , have been taken as equal. The con- 
elutions reached are not thereby invalidated. 
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of Fh *■ + 0.65 to — 1.60 volts (58, 59, 117). The reversibility of a system 
can be ascertained when curves of anodic current due to oxidation of the 
reductant show the same half-wave potential as curves of cathodic current 
due to the reduction of the oxidant. It has also been demonstrated that 
semiquinones can be studied polarographically (59). However, because 
the polarographic method is considerably less accurate than the standard 
equilibrium procedures with a platinum electrode, its use will probably be 
limited to exploratory investigations. 

IV. IRREVERSIBLE REDUCTION 

1. Polarographic apparent reduction potentials 

The large majority of organic reductions which have been investigated 
polarographically are not of the type mentioned in the preceding section 
but are more or less irreversible. In many of these reductions a smooth 
“S” curve is obtained on the polarogram, and a regular shift of the reduc- 
tion potential with pH is observed; this suggests a reversible process. 
For this reason they have often erroneously been called reversible, although 
the corresponding oxidations of the end products have not been possible 
at the dropping mercury electrode.' The simplest explanation of this 
phenomenon is the assumption of a reversible step in the reduction, which 
is on the whole irreversible. Fortunately, analogies in the electrochemical 
literature were available to test this supposition, which was first made by 
Mtiller and Baumberger (60). Conant (21) had occasion to study a num- 
ber of irreversible reductions which proceeded at different rates depending 
on the oxidation-reduction potential of the system which was used for the 
reduction. He concluded that the first step in the reduction must have 
been reversible and instantaneous, while the next, irreversible step was 
slow enough to permit measurement. The irreversible system could be 
characterized by a potential, the “apparent reduction potential" (A.R.P.). 
This was defined by Conant as the potential of a “critical reagent" which 
would just cause “appreciable reduction" (20 to 30 per cent in 30 min.). 

Only a few of the systems described by Conant have been studied polar- 
ographically. MOller and Baumberger (60) evaluated some data in the 
polarographic literature for dinitrobenzene, nitrobenzene, and maleic acid, 
and found fair agreement with the A.E.P. of Conant (21). As a further 
check, the two polarograms in figures 3 and 4 were prepared in this labora- 
tory. 7 The half-wave potentials are independent of concentration in 

' The nature of the end product is of course never known with certainty, because 
not enough is formed at the mercury droplets to permit an analysis. A reasonable 
guess can, however, be made on the basis of long-time experiments with larger 
eleotrodes. 

'Unpublished results. 
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these highly add solutions and can be measured easily. The correspond- 
ing A.R.P/s of Conant are indicated by arrows. It may be seen that they 
differ from the half-wave potentials, but that they coincide with the 



Fig. 3. Polarogram of nitrobenzene in acetone and nitric acid. Comparison of 
half-wave potentials and Conant's (21) A.R.P. ( | ). At sensitivities 1/1000 and 
1/2000 the correction for t R is drawn in. Notice also LeBlanc’s method of extrapo- 
lation to zero current (interrupted lines ) ; iR is graphically eliminated. 



Fig. 4. Polarograms of (a) azobenzene in acetone and nitric acid and (b) dinitro- 
benzene in acetone and nitric acid. Comparison of half-wave potentials and Co- 
nant’s (21) A.R.P. ( l ). Note graphic correction of the half-wave potentials of azo- 
benzene (see text). 0 indicates zero applied voltage (anode potential — -f 0.247 
volt, referred to the hydrogen electrode). The dropping mercury electrode is 
polarized negatively to the right of 0 and positively to the left of 0; each abscissa 
represents 105 millivolts. 

beginning of a rise in current due to the onset of reduction. This can be 
expected, considering the methods of measurement; while Conant meas- 
ured the A.R.P. indirectly by observing the slow, irreversible process, the 
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polarograph appears to record selectively the reverdble portion of the 
reaction. We may designate those potentials which are not truly revers- 
ible, which show dependence on pH, and which demonstrate partial 
reversibility by means of smooth “S” curves as “polarographic apparent 
reduction potentials” (P.A.R.P.). 

Consequently, irreversible oxidations of this nature should be called 
“polarographic apparent oxidation potentials” (P.A.O.P.). Because of 
the difficulty of measuring very positive potentials at the dropping mercury 
electrode, those compounds which show an apparent oxidation potential, 
measured by Conant, cannot be compared. Recently, however, a typical 
case was found by Kodftiek and Wenig (47) in vitamin C, which can be 
oxidized polarographically but cannot be reduced. 

It is premature to speculate on the nature of the reversible step, but it 
has been suggested that electromotively active ions and molecules may 
exist which change slowly into an inactive form. Also, it has been sug- 
gested that hydrogen ions may be reduced at the electrode to hydrogen 
atoms which then combine in the nascent state with the organic molecule. 

2. Effect of buffers 

That buffering is as essential in these reactions as in the reversible ones 
may be seen from a comparison of some curves of Shikata (91, 100), who 
was the first to study the influence of pH on the polarographic reduction 
potentials of organic compounds. In the earlier work (97 to 100) Shikata 
and Tachi measured the pH of their solutions by means of quinhydrone or 
hydrogen electrodes, but did not concern themselves with the capacity of 
the solutions to keep this pH constant. As a result these curves show 
peculiar inflections around neutrality (see the curves of bentil and diacetyl 
reproduced in figure 5). When buffer solutions were employed in the 
later work of Shikata and collaborators (91, 92, 101, 103), relatively smooth 
curves were obtained (see the curves of nitrobenzene and o-dinitrobenzene 
in figure 5). 

It may be worthwhile to restate that pH is an expression of intensity; 
the concentration of the buffer determines the capacity of the solutions 
to keep the pH constant. This has been pointed out repeatedly, but is 
still occasionally neglected. As a rule one may consider the solution well 
buffered if the concentration of the buffer is one hundredfold that of the 
substance which is being reduced or oxidized. 

Outside of Shikata’s work relatively little has been reported on the 
change of reduction potentials with a change in pH of the solutions. 
Examples of potential-pH curves are given in figure 5; they include an 
aldehyde (bensaldehyde (120)), ketones (benzil, diacetyl (100)), unsatu- 
rated adds (fumaric and maleic adds (124)), and aromatic nitro compounds 
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(nitrobenzene and o-dinitrobenzene (91)). Our knowledge of the electrode 
processes in these reductions is still too meagre to permit satisfactory 
explanations of the inflections seen in these curves. 

Organic reduction potentials measured in neutral potassium chloride or 
similar unbuffered solutions must be interpreted with caution. As an 
example of the fallacies encountered in the interpretation of polarograms 
obtained in unbuffered solutions may be cited the case of acetylacetone. 
This compound has been reported reducible by several investigators (100, 



bemil ; -o, diacetyl; S, maleic acid; 0, fumaric acid; O, benialdehyde. 

Fio. 6. Curves for acetylacetone (a) in a solution buffered at pH 7 and (b) in 
0.1 M potassium chloride 

127), who worked with unbuffered solutions. A wave is indeed observed 
when the reduction is carried out in potassium chloride solution (see 
figure 6b), but the wave disappears when the solution is buffered at pH 
7 (figure 6a). Titrations showed 7 that the unbuffered solution was acid, 
no doubt owing to the dissociation of the enol form of acetylacetone; 
therefore it seems probable that the wave was caused by the reduction of 
free hydrogen ions (see also reference 1). 

It has been customary to report reduction potentials of organic com- 
pounds obtained in ammonium chloride solutions. This is an unfortunate 
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choice of electrolyte, because it constitutes but one component of a buffer. 
As is well known, a buffer is most effective when its two components, acid 
and salt, are in equal concentration (123). Therefore it seemed probable 
that when the half-wave potential is reached during a reduction, tire pH 
at the mercury surface would be different from that of the solution. This 
conclusion was verified using quinhydrone as a criterion (57). Depending 
on the concentration of ammonium chloride, the pH at the electrode sur- 
face, as indicated by the half-wave potential of quinone reduction, > was 
8, 9.3, 10.0, and 10.2 when the ammonium chloride concentrations were 
10" 1 , 10 - *, 10"*, and 10" 4 Af, respectively. The oxidation of hydroquinone, 
however, proceeded as if the solution had been unbuffered. At the same 
time the pH of the solution was found by indicators to be about 5. The 
results reported in the literature must, therefore, be taken as representing 
reduction potentials not in a slightly arid solution but rather in a slightly 
alkaline solution. 

Brdidka (7, 8, 9) recommends the addition of ammonia to the am- 
monium chloride solution as a buffer for the cysteine determination. 
Since Brdi6ka’s results are essentially the same as those obtained in phos- 
phate buffers (11), it would be of interest to study this buffer system uring 
quinhydrone. 

8. Applications 

It is impossible in this short review to do justice to the many excellent 
papers that deal with applications in this field of irreversible organic 
reductions. They are especially numerous because obviously the polar- 
ographic method excels, owing to the fact that it picks out the reversible 
step and often gives an indication of the nature of the reaction and the 
degree of reversibility. Here may be mentioned only examples of the 
most important and promising types of investigations. Since the con- 
clusions reached in these papers are based on experiments which were 
carried out under identical conditions, although not always in perfectly 
buffered solutions, they may have significance. It should be strongly 
urged, however, that future workers report half-wave potentials which are 
accurately measured, corrected for iR, and referred to the most common 
standard in electrochemistry, which is the hydrogen electrode. Fur- 
thermore, all measurements should be carried' out in well-buffered solu- 
tions of known pH. In the table of organic compounds that is included 
in this discussion, the nature of the study and the corresponding reference 
are given; the latter is given in italics if the compound has been studied 
in some detail. Because of the lack of uniformity in the method of 
measurement, a comparison of the potentials stated in the literature is 
useless, and a recalculation of the values is impossible because the condi- 
tions of measurement are not well enough defined. 
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In the first studies on the effect of substitutions in an organic molecule 
upon its reduction potential, Shikata and coworkers investigated different 
ketones and aromatic nitro compounds (91, 92, 98, 100, 104, 106). On 
the bads of extended research, Shikata and Tachi formulated the “elec- 
tronegativity rule of reduction potentials” (102), which states that or- 
ganic compounds are more easily reduced as more electronegative groups 
are substituted in the same compound. This is of interest because the 
dissociation constants (102, 18) and the Raman and absorption spectra 
(127) of compounds are similarly influenced. The following two lists of 
Shikata may serve as examples; the compounds are listed in the order of 
decreasing reducibility: 

benzil/diphenyltriketone/diacetyl/dibenzoylmethane/benzoylacetone/ 

benzoin/benzophenone /acetophenone / acetoin/acetylacetone/ acetone 

and 

dinitrophenol/dinitrobenzene/nitrophenol/nitrobenzene/nitroaniline 

Similar studies were made by Semerano and Chisini (81), who used ben- 
saldehyde as a reference. They arranged the following groups in the 
order in which they change the reduction potential to more negative values: 

o-Cl/m-Cl/ p-Cl/o-CH«/H/»n-CH,/p-CH «/ o-OH/CH»Oi/p-OCHj/ 

4-OH, 3-OCH, 

Many more aldehydes and ketones were studied by other investigators, 
notably Winkel and Proske (126, 127) and Adkins and Cox (1). As far 
as a comparison of the results of different authors is permissible, it shows 
that the above influence of different groups upon the reduction potential 
is essentially correct. 

While the aromatic series show such easily reproducible differences in 
reduction potential, the saturated aliphatic ketones and aldehydes that 
have been studied are reduced at about the same potential, regardless of 
the length of the chain. Aldehydes, in general, are more easily reduced 
than ketones, -with the notable exception in the sugar series, where fruc- 
tose is reducible while glucose is not (40). This fact has been used for 
analytical purposes (40, 41, 46). 

Organic acids in general are not reducible unless they contain carbonyl 
groups or ethylene linkages. Even in the latter case reduction is possible 
only when the double bonds are conjugated. This was demonstrated by 
the investigations of Schwaer (71), who also found that under certain 
conditions the cm- and trans-isomers of acids could be distinguished by 
their polarographic potential (see also 78, 79, 88). As might be expected, 
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unsaturated aldehydes and ketones are relatively easy to reduce (1). 
Semerano and Chisini (83) studied cinnamic acid, cinnamaldehyde, and 
hydrocinnamaldehyde for the purpose of comparing the influence of a 
0*0 group on the reduction potential with that of a 0—<3 linkage. 

After it had been established that the currents obtained in the reduc- 
tions of some organic compounds were proportional to concentration, 
these currents could be used for the study of reaction kinetics, polymerisa- 
tion, and tautomerism. So far relatively few such experiments have been 
done, but they indicate the possibilities of polarography. 

Herasymenko (34) studied the rate of formation of fumaric add from 
molten malic add by polarographing samples at different time intervals, 
making use of the fact that malic add does not produce a wave on the 
polarogram. Semerano and dePonte (86) found that waves of benzaldehyde 
reduction decreased with time, owing to the Cannissaro reaction (see, 
however, Tokuoka (120)). The inversion of sucrose was followed polaro- 
graphically by Heyrovsk^ and Smolef, who measured the currents due to 
the fructose formed (40). Polymerisation studies were made on form- 
aldehyde (45) and pyruvic add (60). Some papers on keto-enol tauto- 
merism (1, 60, 77, 82, 100, 113) have also been published, but verification 
of the results by comparison with established methods is still lacking. 
A very clear demonstration of the reliability of pol&rographic results 
was made by Borcherdt and Adkins (5). They studied the rate of 
tautomerisation of an optically active asomethine by noting the loss in 
rotatory power of the reaction mixture and by polarographic analysis of 
the products of hydrolysis of the components. 

As has been pointed out in the introduction, the analysis of several 
organic compounds in the same solution is possible only under well- 
standardized conditions. An analysis of a mixture of compounds in an 
unknown solution is, at present, imposrible. For instance, the analysis 
of pyruvic add cannot be carried out in blood or urine until satisfactory 
methods for its separation from the rest of the solution are available. 
Therefore, one of the most important tasks in the field of organic polar* 
ography seems to be to find suitable procedures for the fractionation of 
solutions in order to make the method available for analytical purposes. 

V. ORQANOMETALLIC COMPLEXES 

The organometallic complexes may be divided into an inorganic and an 
organic group, depending on the nature of the electrode reaction. 

In the inorganic group a metallic ion is reduced at a potential which 
varies with the nature of the organic component and with the relative 
concentrations of the metallic and organic components of the complex. 
Because the latter may be influenced by hydrogen-ion concentration, a 
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knowledge of the pH of the solutions is essential. A discussion of this 
group of complexes is found in the preceding review (49). 

In the organic group the metallic component acts only as a catalyst for 
the reduction of hydrogen. Such catalytic reactions were first observed 
by R. Brdi&ka in 1933 (7). He found well-reproducible maxima on the 
polarograms when sulfur-containing proteins or amino acids were added 
to buffered cobalt salt solutions. His further investigations (8 to 16) 
show that these reactions can be used for analytical purposes. Sladek 
and Lipschtitz (109) observed that amino acids that do not contain sulfur 
(arginine, histidine, and others) can also produce specific waves in similar 
cobalt solutions. 

BrdiCka’s work may be summarized as follows: In solutions of am- 
monium chloride to which ammonia has been added (or in otherwise buf- 
fered solutions (11)), cysteine or cystine and sulfur-containing proteins 
cause characteristic reduction curves when cobalt or nickel salts are pres- 
ent. These curves are much higher (three hundred fold) than those due 
to the normal reduction of cystine in the absence of metals (8). Amino 
adds can be distinguished polarographically from the proteins, because low 
molecular compounds (cystine, cysteine) give the reaction only with 
divalent cobalt salts, while proteins give similar reactions also with 
trivalent cobalt salts. The catalytic reduction maxima do not increase 
proportionally with concentration but reach a maximal height; calibra- 
tion curves are therefore necessary for quantitative analysis. Cystine 
is first reduced to cysteine; its reduction curve is twice as high as that of 
cysteine for an equimolar solution, but does not differ otherwise. A 
differentiation between cystine and cystdne is possible only by indirect 
means: The — SH group reacts with monoiodoacetate to form hydrogen 
iodide and — SCH*COO~, which do not show the polarographic reaction. 
In monoiodoacetate the — S — S — group remains unaltered. 

According to Brdi&ca (8), these specific curves obtained from solutions 
containing organic and metallic ions are to be attributed to a catalyzed 
reduction of hydrogen from the organometallic complex. The abnormal 
height of the wave (maximum) speaks for a catalytic process (see also 
reference 66).' Further evidence that the reaction is catalytic in nature 
is provided by the negative influence of arginine, tryptophan, histidine, 
casein, and other substances (109, 68), which suppress the cystdne reac- 
tion completely. 

Owing to lack of space, it is impossible to discuss here the many applica- 
tions which these reactions have found in the field of biochemistry. 

VI. ORGANIC COMPOUNDS THAT HAVE BEEN STUDIED POLAROGRAPHICALLY 

In table 1 are listed the organic compounds that have been studied 
polarographically. The literature has been covered up to June, 1938. 
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TABLE 1 

Organic compound t tta( taw been studied polarographicaUy* 


Acetal 

Acetaldehyde 

Acetamide 

4-Acetaminophenylarsonic acid 

Acetic acid 

Aceto&cetic eater 

Acetoin 

Acetone 

Acetonylftcetone 

Acetophenone 

Aoetylacetone 

Acetylbenzoylmethane 

af-Acetylbutyrophenone 

a-Acetylcaprophenone 

Acetylenedicarboxylic acid 

Aconitio acid 

Acridine derivative 

Aqridone 

Adenine 

Adipic acid 

Adrenaline 

Alanine 

Albumin 

Alizarin red 

Alkaloids 

Allyl alcohol 

p~Aminoazobenzene 

4-Aminophenylarsonic acid 

Anisaldehyde 

Anthraquinone 

Z-Arabinose 

Arginine 

Araphenamine 

Asparagine 

Atropine sulfate 

Aurantia 

Azobenzene 


- D 
R, D 


R 


R, D 

R 

R 

R 

R, D 
R 

R 

R 

R 

R, D 
R, D 
R 
R 

MS 

MS 

C 

MS 
R, MS 


R, D 
R 
R 
R 

C 

-,3> 

C 

MS 

MS 

R 


42 

1, 41, 46, 51, Af, 94, 108, 
1 tO, 126 
127 
18 

80,66,94,108,109,126 

82 

98, 127 
78,98 
1, 126 
100 
127 

1, 6, 8, 98, 117, 126 
82, 100, 127 
1 
1 
1 
1 

71 

71, 78, 80, 88, 108 

42 

42 

69 

127 

76 

16, 109 

7, 9, 11, 87, 68, 68, 126 
66 


88, 27 
118 
108 
18 

1, 81, 127 
1 

40 

7, 109 
10 

7, 87, 62 
27 
66 

101, 117 


Benzal ter (-butyl acetone 


R 


1 


* - means that the substance is not reducible; C - catalyst (organometallic); 
D m determinable; MS m maximum suppressor (see 49); R - reducible. 
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TABLE l— Continued 


COMPOUND 


Benzalacetone 

Benzaldehyde 

Benzamide 

Benzil 

Benzoic acid 

Benzoin 

Benzophenone 

Benzopyrone 

p-Benzoquinone 

Benzoylacetone 

Benzoyl-o-hydroxybenzoylmethane 

Benzylbenzoylacetoylmethane 

Benzyl phenyl ketone 

Betaine 

Biebrich scarlet 

Bilirubin 

Blood pigments 

Bromoacetone 

m-Bromobenzaldehyde 

p-Bromobenzaldehyde 

2-Bromoethyl phenyl ketone 

Bromoisopropyl phenyl ketone — 
p-Bromophenyl methyl ketone — 

Brucine 

(ert-Butyl benzoylmethyl ketone . . 

Butyraldehyde 

n-Butyrie acid 

Caffeine 

Camphor 

Caproates 

Carbazole 

Carbon tetrachloride 

Casein 

Catalase 

Chloroacetone . 

p-Chloroacetophenone — 

m-Chlorobenzaldehyde 

o-Chlorobenzaldehyde 

p-Chlorobenzaldehyde 

p-Chlorobenzophenone 

Cholestenone 

Cholesterol 

Choline hydrochloride 

Chromone 



umnrcM 

R, D 

1 

R 

1, 81, 86, 94, 108, 


126, 127 

— 

127 

R, D 

1, 100, 117, 128, 127 

R 

97, 120, 126 

R, D 

1, 77, 98, 117, 127 

R, D 

1, 78, 98, 126 

R, D 

1, 54 

R, D 

1, 69, 127 

R, D 

100, 117 

R 

1 

R 

1 

R 

1 

MS 

69 

MS 

66 

R, D 

111 


17 

R 

126 

R 

127 

R 

127 

R 

1 

R 

1 

R 

1 

MS 

63 

R 

1 

R 

1, 83 

MS 

65 

MS 

62 

R 

107, 116, 116 

MS 

69 

— 

42 

R 

52 

MS 

53, 68 


17 

R 

126 

R, D 

6, 126 

R 

81, 127 

R 

81, 127 

R 

81, 127 

R, D 

1,5,6 

R 

1 

— 

109 

R 

64 

R. D 

1. 54 
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TABLE 1— Contifttiftf 


Cinohonidine R 

Cinchonine R 

Cinnamal bens ophenone R 

Cinnamic acid R 

Cinnamaldehyde R 

Citraconic acid — R 

Citric acid — 

Codeine R 

Coproporphyrin 

Creatine 

Creatinine 

Crotonaidehyde R 

Crotonic acid R 

Cyclohexanone 

Cyclopentanone 

Cysteine C 

Cysteylglycine C 

Cystine C 

Desoxybensoin R 

Diacetyl R, D 

Dibenzalacetone R 

Dibenzoylme thane R 

2, 6~Dibromophenol indophenol R 

sym-Dichloroacetone R 

2.6- Dichlorophenol indophenol R 

2.4- Dichlorophenylarsonic acid R 

Dicyanogen R 

Diethyldibensoylmethane . R 

Dimethylaminoazobenzene R 

Dimethylquinoxaline R, D 

m-Dinitrobenzene R, D 

o-Dinitrobenzene R, D 

p-Dinitrobenzene R, D 

2. 4- Dinitrophenol (a) R, D 

2.6- Dinitrophenol (fi) R, D 

2,^-Dinitrophenol (y) R, D. 

Diphenylamine — 

1 , 2-Diphenylethylene glycol — 

Diphenyl triketone R 

Dyea MS 

Dypnone R 

Erythrosin 

2-Ethylchromen-4-ol * D 


71, 88, 108 
88, 84, 108 
71, 78 
88, 48, 71 
68 
17 

7, 87, 62 

7 

1,88 
108 
71 
126 
1, 126 

8 , 8 , U 

8 

7, 8, 8, 16, 28, 67, 122 


1, 84, 86, 84, 100, 117 , 187 
1 

1 , 100 
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TABLE 1 — Continued 


coicroim 

i 

•■mamas 

2-Ethylohromone 

R 

1,54 

Ethyl isobutyl ketone 

— 

126 

Euglobulin 

C 

T 

Fenchone 

R 

107 

Flavanone 

R 

1 

Flavone 

R 

1 

Flasine 

R 

42 

Formaldehyde 

R, D 

48, 126 

Formamide 

— 

127 

Formic acid 

— , MS 

30, 65, 126 

Fructose 

R, D 

MS 

40, 41, 46 

66, 76 

Fuchsin (acid and base) 

Fumaric acid 

R, D 

80, St, SB, S4, 71, 78, 78, 
80, 87, 108, 1B4 

Furan 

— 

121 

Furfural 

R, D 

04, 95, 108, 111 

Furfuralacetone 

R 

1 

Furyl acetonyl ketone 

R 

1 

Furyl benzoylmethyl ketone 

R 

1 

Fuscainic acid 

MS 

60 

Galactose 

— 

40 

Gelatin 

— 

7 

Globulin 

c 

7, 125 

Glucose 

— 

40, 04, 100 

Glutaminates 

MS 

69 

Glutaric acid 

— 

127 

Glutathione 

C 

8 

Glycerol 


48 

Glyceraldehyde 

R 

127 

Glycine 

R,C 

7, 12, 16, 18, 37, 62 ,100 

Glyoxal 

R 

127 

Helianthine 

MS 

66 

Hematin 

R 

17,00 

Hemin 


28, 00 

Hemoglobin 

R 

17,00 

Heptaldehyde 

R 

1 

Hexaldehyde 

R 

1 

Histidine 

—» C 

04, 100 

Humic acid 

-,D 

22, m 

Hydrastine 

R 

63 

Hydrobensoin 

— 

83 

Hydrooinnamaldehyde 

R, D 

83 

Hydroquinone 

R 

58 
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TABLE 1—Continutd 


COMPOUND 


Hydroxyacetone 

m-Hydroxybenzaldehyde 

p-Hydroxybensaldehyde 

o-Hydroxyphenyl methyl ketone 
Hymatomelanie acid 

Indanthrene 

Indole 

Insulin 

Iodoacetone 

Isoamyl alcohol 

Isobutyraldehyde 

Isocrotonic acid 

Isopropyl phenyl ketone 

Isovaleraldehyde 

Isovaleric acid 

Itaconic acid 


Lactic acid 

Lactones 

Lactose 

Lecithin 

Leucine 

Levulic acid * 

Lysine 

Lyxose 

Maleic acid 

Malic acid 

Malonic acid 

Maltose 

Mannitol 

Mannose 

Melanoidin 

Mesaconic acid 

Mesityl oxide 

Methemoglobin 

p-Methy lacetophenone 

Methyl bensyl ketone 

Methylene blue 

4-Methyl ether of phenylarsonic acid 
Methyl ethyl ketone 




R 

127 

R 

1, 127 

R 

127 

R 

1 

R 

ltl 

K 

MS 

60 

R 

62 

C, D 

7, ei, m 

R 

126 

— 

95 

R 

1,95 

— 

71 

R 

1 

R 

94,95 

MS 

65 

R 

108 

— 

71,78 

— 

48, 94 

R 

4D 

— 

40 

— 

109 

MS 

7,69 

— 

71 

— 

109 

— 

40 

R, D 

tO, St, 71, 78, 79, 80, 87, 


m 

D 

84, 41, 71 

— 

80, 127 

— 

40 


48 

— 

40 

R 

22 

R 

71, 108 

R . 

1 

R 

99 

R 

126 

— 

126 

R 

58 

MS 

25,66 

R 

18 

R 

98 

— 

120 
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TABLE l— Continued 


Methyl green 

Methyl hexyl ketone 

Methyl o-naphthyl ketone 

Methyl nonyl ketone 

Methyl orange 

Methyl 1, 3-pen tadienyl ketone. 

4-Methylphenylareonic acid 

Michler’s ketone 

Morphine hydrochloride 

Mustard gas 

Myosalvarsan 

Narcotine 

Neosalvarsan 

Neutral red 

Nicotine 

Nicotinic acid 

m-Nitroaniline 

o-Nitroaniline 

p-Nitroaniline . ; 

Nitrobenzene 

m-Nitrophenol 

o-Nitrophenol ! 

p-Nitrophenol 

Nitrophenylarsonic acid 

Oleic acid 

Orange II 

Oxalic acid 

Oxamic acid 

Oxamide 

Palmitic acid 

Papaverine hydrochloride 

Paraformaldehyde 

Paraldehyde 

Peptone 

Petroleum 

Phenanthraquinone 

Phenethylamine 

Phenolarsonic acid 

Phenol indo-2, 6-dibromophenol 

Phenolphthalein 

0~Pheny 1-cr-alanine 


MS 

66 

— 

126 

R 

126 

— 

126 

MS 

66 

R 

1 

R 

18 

R 

126 

R 

63 

MS 

27 

C 

IS 

— 

10 

R 

63 

— 

10 

R 

117 

D 

74 

R 

97 

R 

m 

R 

m 

R 

104 

R 

90, 91, 116, 119 

R 

91, 106 

R 

91, 106 

R 

91, 106 

R 

18 

_ 

108 

MS 

66 

R 

29, SO, 127 

— 

19 

R 

19 

R 

127 

MS 

65 

MS 

27 

R 

45 

— 

126 

C 

11,68 


96 

R 

1 


6 

R 

18 

R 

59 

MS 

66 

C 

109 
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TABLE l—Continwd 


# COMPOUND 



0-Phenyl~0-alanine 

c 

100 

Phenylarsonic add 

R 

18 

Phenyl o-carbethoxyphenyl ketone 

R 

1 

4-Phenyl-3-ethylbutanedione-2, 4 

R 

1 

Phenylethyl phenyl ketone 

R 

1 

Piperonal 

R 

1, 81, 187 

Propionaldehyde 

R 

1, 94, 128 

Propionic acid 

— , MS 

30,66 

n-Propyl phenyl ketone 

R 

l 

Proteins 

c 

2, 3, 7, 8, 0, It, 14, 18, 24, 
41, BO, 89, 122, 125 

Purine group 

— 

62 

Pyridine 

R 

95,0* 

i 

Pyromucic acid 

— 

121 

7 -Pyrone 

R 

1,H 

Pyronin 

MS 

66 

Pyrrolealdehyde 

R 

4 

Pyruvic acid 

R, D 

1, BO, 71, 98, 127 

Quinhydrone 

R, D 

68, 69, 127 

Quinidine 

R 

88 

Quinine 

R 

83, 08, 64, 106 


MS 

27 

Quinoline 

R 

1, 62, 118 

p-Quinone 

R, D 

1, BO, 127 

Rhamnose 



40 

Roainduline GG 

R 

BO 

Saccharin 

R, D 

00 

Saf ranine 

R 

42 

Salicylic acid 

MS 

26 

Salicylic aldehyde 

R 

1, 81, 127 

Sorbic acid 

R 

71 

Sorbose 

R, D 

40,41 

Stearates 

MS 

69 

Stearic acid 

MS 

65 

Strychnine nitrate 

R ’ 

68 


MS 

27 

Suberic acid 


127 

Succinic acid 


94, 108, 127 

Sucrose 


40, 48, 69, 70 

Tartaric acid 

■ 

71 

Theobromine 


62 
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TABLE l— Concluded 


COMPOWB 



Thiazane 

— 

13 

Thioglycolic acid 

c 

8 

o-Tolualdehyde 

R 

81 

p-Tolualdehyde 

R 

81 

Triacetoneamine 

— 

1 

Trimethylamine 

R 

64 

Tropaeolin 

MS 

60, 76, 70, 80 

Tryptophan 

C 

100 

Tyrosine 

MS, - 

7, 69, 109 

Ultramarine 

MS 

69 

Urea 

— 

37, 62, 109 

Uric acid 

D 

6* 

Valeraldehyde 

R 

1 

n-Valeric acid 

MS 

65 

Vanillin 

R 

1, 81, 127 

Vernin 


69 

Vitamin C 

D 

47 


A reference number given in italics indicates that the compound has been 
studied in some detail. 
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The high reproducibility of the polarographic current-voltage curves 
obtained with the dropping mercury cathode allows one to follow the 
phenomenon of hydrogen overvoltage in great detail. In this way it was 
established that the potential of a mercury cathode at which hydrogen is 
being evolved changes with current density and with the concentration 
of ions in a manner differing from that of a reversible hydrogen electrode. 
The old definition of overvoltage as the difference between the potential 
of the metal being examined and that of a reversible hydrogen electrode in 
the same solution has no precise meaning. 

Overvoltage must be defined by its dependence on the current density 
and must be referred to the standard potential of a non-polarizable elec- 
trode (in this work the decinormal calomel electrode). The first empirical 
equation defining the overvoltage, ir, at the dropping mercury cathode 
was deduced by Heyrovsk# (9, 10) and Herasymenko (7, 8) in the form: 

ir « 2RT/F log [H+J. - 3RT/2F log i + K 

where [H+], is the concentration of hydrogen ions in the surface layer at 
the mercury cathode in the solution of the strong acid in the presence of 
excess electrolyte (potassium chloride) and i i$ the current. Since the 
average areas of the mercury drops are constant, the current density is 
taken to be proportional to the current. If concentration polarization 
at the cathode is taken into account, 

[ff+J. - W* - i) 

where id is the limiting (or “diffusion”) current due to the deposition of 
hydrogen ions, we obtain, according to TomeS (17), the overvoltage rela- 
tionship in the form 

t - 2 RT/F log (u - *) - 3RT/2F log i + K 

1 Presented before the Division of Physiological and Inorganic Chemistry at the 
Ninety-fifth Meeting of the American Chemical Society, held at Dallas, Texas, April 
18-22, 1938. 
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This formula does not hold exactly for very small currents or for very 
rapid dropping of mercury, in which case the factor 3/2 decreases towards 
unity. Moreover it does not hold for a slow rate of dropping, since in 
this case the factor 3/2 increases towards 2. 

Heyrovsk^ (11), in correlating the observations of Miiller, Novdk, and 
TomeS, corrected the above formula to 

7T - 2 RT/F log (i id - i) - RT/F log (1 + u>i)i + K (1) 

where « is the “adsorption coefficient” of the freshly formed hydrogen 
molecules at the cathodic interface. 

When the rate of dropping is great, adsorption of the molecules is 
hindered by the rapid renewal of the mercury surface, and «*> is small. 
Under these conditions on is small compared to unity, and equation l 
takes the form 

ir = 2 RT/F log {i d - i) - RT/F log i + K! 

This form of the equation also holds for very small currents, since here 
again o>i is small compared to 1. 

For a small dropping speed, u> is so large that 1 is small compared to on. 
The overvoltage relationship then takes the form 

ir = 2 RT/F log (i d - i) - 2 RT/F log i + K" 

This equation must hold for infinitely slow dropping speed, i.e., for the 
overvoltage at a steady mercury surface. This has been well established 
(3, 5, 6). 

Mathematical analysis of equation 1 shows that it agrees with the course 
of the overvoltage current-voltage curve (11), particularly as regards the 
position of the so-called “half-wave” potential (sec figure 1). 

It is significant for the mechanism of the deposition of the different 
hydrogen isotopes that equation 1 holds just as well for the electrodeposi- 
tion of deuterium from solutions of deuterium chloride or deuterium sulfate 
in heavy water, where the adsorption coefficient is approximately eight 
times greater than in light water and the constant K is more negative. 

Figure 1 shows a comparison of the polarographic current-voltage curves 
in light and in heavy water. These curves were obtained under identical 
conditions of dropping, temperature, concentration, and galvanometer 
sensitivity. Utmost care was taken to keep the 99.6 per cent heavy 
water protected from light water. The coefficient of log i, which is 0.102 
in light water near the “half-wave” potential, becomes 0.133 in heavy 
water. In mixtures of light and heavy water the values of this coefficient, 
b, as well as those of the “adsorption coefficient,” «, vary as given in 
table 1. 
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The experimental results in table 1 were obtained in careful polaro- 
graphic investigations by Nov&k (14). This same author obtained the 
important result that the overvoltage in heavy water decreases at high 




Fio. 1. Comparison of the polarographic current-voltage curves in light and in 
heavy water. Upper polarogram: 0.001 N hydrochloric acid, 0.1 N potassium chlo- 
ride, and 5 X 10~* N thallous chloride in light water. Curve 1: 50 millivolts per 
complete rotation, from 1.3 volts e.m.f., sensitivity 1/100. Curve 2: 50 millivolts 
per complete rotation, from 0.35 volt e.m.f., sensitivity 1/2. Curve 3 : 200 millivolts 
per complete rotation, from 0 volt e.m.f., sensitivity 1/100. Lower polarogram: 
0.001 iV deuterium chloride, 0.1 N potassium chloride, and 5 X 10~* N thallous chlo- 
ride in heavy water. Curve 1 : same e.m.f. and sensitivity as curve 1 in upper polaro- 
gram. Curve 2: same e.m.f. and sensitivity as curve 2 in upper polarogram. Curve 
3: same e.m.f. and sensitivity as curve 3 in upper polarogram. 

temperature more than in light water. At 60°C. the coefficients, b, are in 
the ratio 0.116/0.111, whereas at 20°C. the ratio is 0.113/0.102. Thus 
at higher temperatures the overvoltage in heavy water approaches that 
in light water. 
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The significant feature of the current-voltage curves in mixtures of light 
and heavy water is that they show only one homogeneous bend without 
a trace of double-wave formation (see figure 2). This proves that the 
isotopic hydrogen ions are deposited at the same rate at the same potential. 
In other words, the deposition potentials of hydrogen ion and deuterium 
ion do not differ materially. The difference of 87 millivolts between the 
evolution of hydrogen from light and from heavy water is large enough to 
make a double wave quite evident, providing this difference were really 
that of the deposition potentials. The polarographic curve of a mixture 
of radium and barium shows a double wave even though the deposition 
potentials differ by only 60 millivolts (13).* 

The fact that there cannot exist different deposition potentials for the 
hydrogen isotopes refutes any theory which ascribes the greater over- 
voltage of deuterium to a slower rate of deposition of its ions. The theory 

TABLE 1 

Differences in overpotentials at the " half-diffusion current ” observed with 0.001 N 
hydrochloric acid, at tO°C., in mixtures of heavy and light water and in 
pure light water 


FOLABOGBAlf 

NO. 

eSo 

, vi , 

(obsbrvsd) 

b 

* 

'rq 

(calculated) 

12 

0.996 


0.113 

8.33 

lolU 

0.081 

15 

mSSM 


H I ' . 


0.077 

16 

— 


0.111 


0.063 

17 

■1 

H222H 


2.50* 

0.035 

18 



0.104 

1.41 

0.017 

33 

m 

0 

0.102 

1.07 



* Value interpolated from the graph. 


of Erdey-Grtiz and Volmer (5), which assumes the discharge of hydrogen 
ions to be the slowest process in the cathodic evolution of hydrogen, is 
disproved by the fact that heavy hydrogen is evolved more slowly than 
light hydrogen. This theory, originated by Smits (16), postulates a slow 
rate of deposition of hydrogen ions owing to their dehydration. In heavy 
water the ions are somewhat less hydrated than in light water, owing to 
the smaller free energy and smaller dielectric constant of deuterium oxide, 
and the evolution of deuterium should be facilitated; this is in disagreement 
with experimental results. 

* In the theoretical discussion which follows the reader must distinguish clearly 
between the process of “deposition (or discharge) of hydrogen ions,” which means 
the cathodic formation of atomie hydrogen in the nascent state, and the evolution 
of hydrogen, which means the total process of hydrogen molecule formation. 
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The polarographic results of Nov&k (14; see also figure 1) show that the 
deposition of thalloua and zinc ions proceeds in heavy water at slightly 
more positive potentials than in light water Heyrovsk# (11) suggests 
that this is also the case for deuterium ions and for hydrogen ions and that 
the rate of formation of molecular deuterium from nascent deuterium is 



Fig. 2. Polarographic curves of 0.001 N hydrochloric acid. Upper polarogram: 
in a mixture of 76.5 per cent heavy water and 23.5 per cent light water. Lower polar- 
ogram: in a mixture of 40.8 per cent heavy water and 50.2 per cent light water. 
Curve 1, with sensitivity 3/50 from 1.3 volts n.u.r.; curve 2, with sensitivity 1/2 
from 0.35 volt e.m.f. ; curve 3, with sensitivity 3/50 from 0 volt; curve 4, expected, if 
deposition potentials of isotopes were different. 

slower than that of hydrogen. Electrolytic hydrogenation which does 
not include molecule formation (e.g. the electroreduction of fumaric and 
maleic acids in acid solution) proceeds at the dropping mercury electrode 
reversibly without overvoltage. A somewhat greater positive potential 
is obtained in heavy water than in light water for such processes. On the 
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other hand, the electroreduction of hydrogen peroxide takes place in an 
alkaline solution in heavy water at a potential which is 87 millivolts more 
negative than in light water. This must be due to the process of discharge 
of deuterium ions from alkaline solution and suggests that the ion prod- 
uct constant of deuterium oxide is responsible for the large overvoltage in 
this case. 

The above considerations led Heyrovsk# (11) to the following theory 
of overvoltage in light and heavy water and to the deduction of the elec- 
trolytic separation coefficients of the hydrogen isotopes. ^ 

Hydrogen isotopes are discharged reversibly and at the same potential, 
forming at the mercury cathode highly active amalgams of atomic hydro- 
gen, potentials of which are given by the following equation: 

* H = —RT/F log k = -RT/F log k = 

( 2 ) 

- R T/F log [H+ “ 

in which P H and P D denote the activities of atomic hydrogen and atomic 
deuterium at the cathode. (Drucker (4) has shown recently that the 
reversible electrode potentials of hydrogen and of deuterium are nearly 
identical.) 

The rate of formation of molecular hydrogen by combination between 
atoms is very slow on a mercury surface, so that the rate is determined 
by the reaction (10) 

H + H+-*H? 

The subsequent neutralization of the particle Ht by an electron at the 
cathode is supposed to be very rapid. The magnitude of the current is 
proportional to the product P h [H+]. In an acid solution of light and 
heavy water 

* = k[P n + P D ] ([H+] + [D+l) 

To express the kinetic activity of hydrogen ions in mixtures of light and 
heavy water, let us use the Grotthuss idea of constant interchange of 
hydrogen ions with water. Water molecules dissociate at a rate which 
must be equal to that of the rate of recombination of their ions. The 
latter is given by the product 

fc'([H+] + [D + ])([OH~] + [OD-]) 

where k' is independent of the composition of the mixture, as it is governed 
only by the electrostatic properties of the isotopic ions. The above 
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product is equal to the sum of the four ionic products of light heavy 
water, which in the mixture is equal to 

•Ki Cmo + -KiChod + •KiC'hod + KtC&o = a 

where Cjho, Chod> and C Drf) denote mole fractions of the species HfO, 
HOD, and DjO, so that 

C'hjo + Chod + Odkj =» 1 

a denotes the rate of dissociation of water molecules in the mixture. Then 

V «([H+J + [D+]) 

expresses the rate of exchange of hydrogen ions in the mixture, and this 
is the kinetic reactivity with which they impinge on the cathode interface. 
Therefore in the kinetic formula for the magnitude of current, Wa must 
be substituted for k, and 

i - k"a(P a + P d )([H+] + [D+]) 

Correction for the adsorption of freshly formed hydrogen molecules at 
the cathodic interface by the theory of Langmuir leads to 

i - fc'o(P H + P D ) ([Hi + [Di)/(1 + «*) 

Substitution in equation 2 gives 

x = 2 RT/F log ([H+] + [D+]) - RT/F log [*(1 + at) /a] + K 

which is the general formula of overvoltage for any mixture of light and 
heavy water. 

The difference in overvoltage in pure water and in pure deuterium oxide 
of the same acidity is accordingly 

t-*’ = r r/Piog^.f±^** 

<h 1 + »i* 


According to Schwarzenbach, Epprecht, and Erlenmayer (15) Oi ■= 10~ M , 
a t » 0.185 X 10~ 14 , o>it from the coeffirient 0.012 is 1.07, and wjt from 
the coefficient 0.113 is 8.33. Hence we calculate 


*■ 


RT/F log 


10““ 1 + 8.33 

0.185 X 10-“1 + 1.07 


0.081 volt 


The observed value is 0.087 volt. It should be mentioned that the only 
results of overvoltage in deuterium oxide published besides those discussed 
here are the data of Bowden and Kenyon (2). They obtained in 0.1 m 
deuterium sulfate a difference of 130 millivolts from that in light water, 
while the coefficient, b, in heavy water = 2 RT/F *■ 0.116 volt, just as 
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in light water. The latter value is in perfect agreement with the theory 
given here for stable electrodes. The difference of 130 millivolts, although 
much larger than that observed polarographically, is quite compatible 
with the formula in view of the great increase of adsorption, «, at a stable 
mercury electrode. 

The agreement between the overvoltage differences calculated and 
observed in mixtures of heavy and light water, as shown in table 1, is still 
better. The concentration of HOD had to be calculated. Equations 



Mercury 


Fio. 3. The slowest step in the formation of molecules of hydrogen evolved at a 
cathode under overvoltage. The interaction of the electrodeposited hydrogen and 
deuterium atoms with water molecules in a mixture of light and heavy water to form 
the particles H**, HD + , and D*\ 

worked out by Heyrovsk^ (11, 12) in his original publication on the over- 
voltage of heavy water give 

[H+][OD-]/C HO d = K[ - 0.5 X 10-“ 

[D+][OH-]/C H od - K't - 0.0925 X 10~“ 

KiKt/K[K't - Chod/ChiO'Cdjo - * 

Chod — 2x(l — x); Chjo = (1 — x) 2 ; and Cd>o =* 

for any mixture made up of x volumes of heavy water and (1 — x) volumes 
of light water. From the above picture that molecules of hydrogen are 
formed by the interaction of deposited atoms with hydrogen ions of the 
solution (see figure 3) the electrolytic separation coefficient of the hydrogen 
isotope, a, 

(H)/(D) - «(1 - x)/x 

may be derived. (H) and (D) denote the numbers of hydrogen and 
deuterium atoms in the electrolytically evolved hydrogen. Their ratio 
must be proportional to 

(2*’h, + tHD)/(2iD, + *hd) 
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where in,* tHD> and <d, are the components of the current which caused 
the evolution of the molecules Hi, HD, and D*, respectively. The rate of 
formation of hydrogen molecules, which is proportional to i’h;, is given by 

d(H*)/d/ « as kP h([H + ] + [D 4 ]) • {KiCn# + KiC hod) 

since the rate at which isotopic ions exchange with light hydrogen ions 
resulting from HjO and HOD dissociations is given by the product of the 
last two terms in brackets. Similarly we obtain 

i’d, - *Pd([H+] + [D+]) -(tiCnon + K t C D <>) 

ifiD = &Ph([H+] + [D 4 ]) • ( KtCuou + KiCva) 

+ kP D ( IH+] + [D + ])(JSCiC H | 0 + KlCnov) 
in, - kP n ([m + [D 4 ])(X 1 C Hi0 + X&hdd) 

Substituting into the relation 

(2ih, + *hd)/(2 iD t + *hd) =* «(1 — #)/$ 

we obtain 

a = 2K[/K t - KJZKi = K x /K t * 5.4 

This result has been derived without considering the adsorption of 
hydrogen molecules at the cathode and hence is valid only for very small 
current densities. For larger currents the factor 1/(1 + ui) must be 
introduced; this changes the value of a. 

In practically pure light water we find 


«H,0 


Ki 1_ 

K% 1 * 4 “ (ai 


2.7 


and in practically pure heavy water 

C*D*0 “ y (1 + = 50 

Ai 

In a 50 per cent mixture 

«HOD = 7 

The separation coefficient on mercury in mixtures containing mainly 
light water has been found to lie between 2.7 and 2.8 and is well known to 
increase considerably at very high concentrations of heavy water. 

It should be emphasized that the evolution of hydrogen discussed in 
the present article is that obtained in polarographic studies with very small 
current densities, not more than 0.001 ampere per square centimeter, so 
that no visible evolution of bubbles takes place. The cathodic interface 
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is, therefore, probably not supersaturated with molecular hydrogen. 
When bubbles become visible, no strict rules may be expected to hold. 
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I. INTRODUCTION 

It is interesting to note the cycle through which the organic chemist 
has passed in a century of progress during which he has synthesized several 
hundred thousand new compounds and has unravelled, step by step, many 
of nature’s secrets that had long been considered insolvable. At first 
the organic chemist was concerned chiefly with the isolation of naturally 
occurring materials, some simple and some complex in structure, and the 
establishment of their structures by synthetic and degradative methods. 
This task being well on the way to solution, he busied himself with the 
synthesis and the proof of the structure of several hundreds of thousands 
of new compounds. In recent years, however, the discovery of the pres- 

1 National Research Fellow in Chemistry, Columbia University, 1936-87. Pres- 
ent address: Shell Development Company, Emeryville, California. 
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ence of the phenanthrene nucleus in the sterols, bile acids, cardiac poisons, 
sex hormones, alkaloids of the morphine and aporphine groups, many 
carcinogenic hydrocarbons and in a variety of other materials has prompted 
the organic chemist to investigate once again naturally occurring sub- 
stances. As a result of this revival of interest in products of natural 
occurrence, much synthetic activity has been undertaken involving such 
substances as intermediates or as starting materials. 

Because of the current interest in naturally occurring compounds, this 
review of the chemistry of retene has been written. Retene is itself of 
further interest on account of its structural relationship to the resin acids. 
The hydrocarbon is worthy of additional consideration by virtue of its 
possession of the biologically significant methyl and isopropyl groups in 
positions similar to their occurrence in many terpenes, camphor, and the 
p-cymenes. 


II. NATURAL SOURCES OP RETENE 

Retene (Greek, rhetine , pine resin) was first described by Fikentscher 
and Trommsdorf (140) a century ago. Their source of the hydrocarbon 
was fossilized pine wood in a peat bed of the Fichtelgebirge region of 
Bavaria. In 1858 retene was further investigated by Fehling (55) and 
Fritzsclie (67, 69), who studied a sample of the relatively pure hydro- 
carbon obtained by Knauss from the oil resulting from the distillation of 
pine wood. Wahlforss (146) and Ekstrand (51) secured retene by allowing 
the oil from the higher boiling fractions of various wood-tar oils to deposit 
the hydrocarbon and then pressing the cold oil. In 1887 processes were 
developed and patented for the production of retene by heating resin oils 
with sulfur until the evolution of hydrogen sulfide had ceased and recover- 
ing the hydrocarbon from the product by distillation or extraction with 
suitable solvents (7, 37, 94). 

Vesterberg (143) obtained retene by treating abietic acid with sulfur 
and distilling the product at reduced pressure. Virtanen (145) secured the 
hydrocarbon in similar fashion from pinabietic acid. The work of Vester- 
berg and Virtanen served not only to introduce a method for the dehydro- 
genation of a hydroaromatic compound to an aromatic one, a procedure 
that has been adapted to many studies of natural products in recent years, 
but also to cast light on the structure of resin acids of the abietic type. 
Since the starting material contains twenty carbon atoms, the dehydro- 
genation to retene (C l8 Hi 8 ) is accompanied by a loss of two carbon atoms 
and is probably that represented by the following equation: 

C w H»COOH + 5S -> CisHw + CH,SH + 4H 2 S + C0 2 
Abietic acid Retene 
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An extensive study of the action of sulfur on rosin was made by li Man 
Cheung (103), who encountered considerable difficulty in isolating in pure 
condition the retene thus formed. 

Other dehydrogenating agents, such as selenium (46) and palladium 
charcoal (127;, gave better yields of retene. Thus, while Vesterberg (143) 
using sulfur was able to get a yield of only 8 per cent, based on the'abietic 
acid, the selenium treatment gave a yield of 55 per cent of the pure hydro- 
carbon. The palladium charcoal dehydrogenation, carried out by Ruzicka 
and Waldmann (127) at 300-330°C., gave a 71 per cent yield of fairly pure 
retene together with approximately 4 moles of hydrogen, 1 mole of meth- 
ane, 0.75 mole of carbon dioxide, and 0.25 mole of carbon monoxide. 
These authors postulated the following dehydrogenation reactions as 
taking place simultaneously, reaction 1 taking place to a much greater 
extent than reaction 2 : 

Ci*H*»COOH ->• Ci»H 18 + CH« + CO, + 4H, ( 1 ) 

C„H„COOH -» C 18 H 18 + CH 4 + CO + H,0 + 3H, (2) 

m. PRODUCTION OF RETENE FROM NATURAE SOURCES 

Two of the processes mentioned above have been adapted to large-scale 
production and have been patented. The essential difference between 
these two methods consists in the fact that one involves the use of sulfur 
as a dehydrogenation agent, while the second employs only a metallic 
halide as a catalyst in accomplishing the same end. 

The sulfur dehydrogenation process (85) involves heating rosin, abietic 
acid, esters of abietic acid, abietine, abietene, or abietane with sulfur at 
about 250°C. for a short time and then distilling the reaction mass under 
reduced pressure (25 to 28 in. of mercury) and at an elevated temperature 
(250° to 275°C.) with steam. The oily distillate is dissolved in alcohol, 
and retene crystallizes out on cooling. A further quantity of retene may 
be obtained by evaporating the mother liquors, combiiung the residue with 
the highest boiling fractions of the original distillation, and subjecting the 
whole once more to the sulfur treatment. 

The second process (113) comprises condensing pine-tar oils (the water- 
insoluble portion of the liquid obtained by destructive distillation of the 
wood) by heating them to about 250°C. with a metallic halide catalyst, 
of which aluminum chloride was found to be the best, and then distilling 
under a pressure of about 2 in. of mercury. The distillate is agitated with 
10 per cent caustic soda solution, and the oily layer is separated and dis- 
tilled at atmospheric pressure. The last 25 per cent of the distillate con- 
tains retene and other hydrocarbons. This is allowed to crystallise, and 
the retene is recovered by removing the admixed oil by hydraulic pressure 
of about 400 pounds per square inch. 
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IV. PHYSICAL CONSTANTS AND PROPERTIES OP RETENE 

Retene crystallizes from alcohol in large, colorless plates, melting at 
98.5-99°C. (133); it boils at 390°C. (29). It is characterized by its picrate 
(CisHis + C 6 H 3 O 7 N 3 ), which forms orange-yellow needles melting at 
123-124°C. (63, 68 ), and by its sym-trinitrobenzene adduct (CisHis + 
CaHaOfiNs), which is obtained as yellow needles melting at 139-140°C. 
(139). 

Retene forms a complex with 2-chloro-l, 3, 5-trinitrobenzene (CisHis + 
CeHaOaNsCl), m. p. 63.5°C. (89). It forms two eutectic mixtures melting 
at 45.5°C. and 47.5°C. and containing 28.8 and 65.6 per cent of retene, 
respectively. Thermal analysis of the systems retene- 2 -chloro-l ,3 , 6 - 
trinitrobenzene, retene- 2 , 4 , 6 -trinitrophenol ( 88 ) , retene- 2 , 4 , 6 -trinitro- 
resorcinol (91), and retene- 2 , 4, 6 -trinitroaniline (90) have been reported 
in the literature. 

The hydrocarbon is somewhat volatile with steam ( 66 , 67, 68 ). It 
sublimes in a vacuum of cathode light intensity at 135°C. (99) ; when main- 
tained in such a vacuum for 14 hr. at 36°C., 2.2 per cent of the retene 
present will sublime (71). Its refractive power in benzene solution is 
given by Chilesotti (41). Its luminescence phenomena under the influ- 
ence of cathode rays have been described by Pochettino (118). The 
fluorescence phenomena of retene under the influence of x-rays have been 
studied by Straus (138). When irradiated with ultraviolet light at the 
temperature of liquid air, retene emits a band spectrum (72). Wiede- 
mann and Schmidt (152) observed in retene vapor a blue or violet fluores- 
cence; in solution retene showed absorption in the extreme violet. 

Ekstrand (51, 52, 53) gives the density of retene in crystalline form as 
1.13, and after melting and supercooling as 1.08. In 100 parts of 95 per 
cent alcohol 69 parts of retene dissolve at the boiling point, while 3 parts 
dissolve at room temperature. The hydrocarbon is soluble in ether, 
carbon bisulfide, petroleum ether, benzene, and hot acetic acid. 

The molar heat of combustion of retene at constant volume and at 
constant pressure has been measured by several investigators (30, 31, 
137). 

The behavior of retene in concentrated sulfuric acid in the presence of 
formaldehyde has been investigated by Ditz (49). 

V. PROOF OF THE STRUCTURE OF RETENE 

A. Oxidative degradation 

Determination of the structure of retene proved to be a most perplexing 
problem, because of the great difficulty with which retene and its deriva- 
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tives bum when subjected to combustion in the ordinary way. This 
phenomenon, which was unnoticed for years, led to erroneous results 
which, in turn, furnished contradictory evidence as to the structure of the 
hydrocarbon. The combustion problem was solved by Bamberger and 
Hooker (19, 20, 21, 22), who burned a mixture of the material and lead 
chromate in a tube packed with lead chromate. Other investigators (5, 
74) have found the analysis of retene derivatives to be both difficult and 
troublesome. 

Retene (I) is l-methyl-7-isopropylphenanthrene. It may be regarded as 



I 

Retene 


a methyl isopropyl homolog of biphenyl with an ethylene bridge inserted 
between the o- and o'-positions, one of these being adjacent to the carbon 
atom carrying the methyl group. Retene being a phenanthrene homolog, 
the arrangement of its double bonds is similar to that of phenanthrene, 
whose structure has been determined by Fittig and Ostermayer (62) and 
by Schultz (132). 

Analyses indicate that retene possesses the empirical formula CisHis. 
Inasmuch as much of the early work on the proof of structure of the hydro- 
carbon led to unreliable conclusions because of erroneous analytical results 
and other difficulties, that work will not be included in this review. 

After surmounting the combustion difficulties mentioned above, Bam- 
berger and Hooker (15, 19) oxidized retene and obtained retenequinone 
(II), which had previously been prepared by Wahlforss (146). This was 
evidently an ortho-quinone, since Bamberger was able to form a quinoxa- 
line derivative from it and to reduce it to a colorless hydroquinone. Dis- 
tillation of the quinone with zinc dust yielded retene. Retenequinone 
(II) was further shown to be similar to an open chain a-diketone because 
of its sensitivity to alkali. When boiled with 10 per cent methyl alcoholic 
potassium hydroxide, it underwent the benzilic acid rearrangement to yield 
reteneglycolic acid (III) (104), and when fused with potassium hydroxide 
and lead peroxide, it gave 4'-isopropyl-3-methylbiphenyl-2-carboxylic 
acid (IV). The latter yielded retene ketone (V) when treated with 
thionyl chloride or when its barium salt was distilled with sodium meth- 
oxide. 
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V IV II III 

Retene ketone 4'-Isopropyl-3- Retenequinone Reteneglycolic acid 
methylbiphenyl- 
2-carboxylic acid 

Bamberger and Hooker (19, 20, 21, 22) oxidized retenequinone (II) by 
means of alkaline potassium permanganate and secured a hydroxyiso- 
propyldiphenyleneketonecarboxylic acid (VI), C17H14O4. Further oxida- 
tion of VI by means of potassium dichromatc in acid solution gave rise to a 
diphenyleneketonedicarboxylic acid (VII), which lost a molecule of 
carbon dioxide on distillation to give a diphenyleneketonecarboxylic acid 

(V HI). 

H*C CH, 



II VI VII VIII 

Retenequinone 7-(a-Hydroxyiso- Fluorenone- Fluorenone- 

propyl)fluorenone 1 ,7-dicar- 7-carboxylic 
-1-carboxylic acid boxylic acid acid 

When the. diphenyleneketonedicarboxylic acid (VII) was fused with potas- 
sium hydroxide, a diphenyltricarboxylic acid (IX) was formed, and when 
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reduced with sodium amalgam, a fluorenedicarboxylic add (X) was ob- 
tained. Distillation of the latter with lime yielded fluorene (XI). The 

COOH COOH COOH 



Biphenyl-2, Fluorenone- Fluorcne-1, Fluorene 

3,4'-tricar- 1,7-dicar- 7-dicarbox- 

boxylic acid boxylic acid ylic acid 


dicarboxylic acid (VII) yielded fluorenone (XII) on complete decarboxyla- 
tion, and the tricarboxylic acid (IX) gave biphenyl (XIII) on similar 
treatment. 



XII XIII 

Fluorenone Biphenyl 


While the work of Bamberger and Hooker did not establish the exact 
structure of retcne, it served to define certain important facts. The 
formation of a dicarboxylic acid (VII) showed that the CJSio-residue of 
retenequinone (II) must be in the form of two alkyl side chains. The 
possibilities are diethyl, methyl n-propyl, and methyl isopropyl. The 
production of the hydroxyisopropyldiphenyleneketonecarboxylic acid (VI) 
removed the first two possibilities. Since VI can be converted to fluo- 
renone (XII), it is apparent that the oxidation of retenequinone, CitHuOt 
(II), to CxtHmO« (VI) left the four carbon atoms of the two original alkyl 
groups intact. The carboxyl group of VI could not have come from an 
ethyl or propyl group without the loss of carbon, and it must therefore 
have arisen from the oxidation of a methyl group. The other alkyl group 
in retenequinone (II) is therefore n-propyl or isopropyl. The keto add 
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(VI), however, contains one oxygen atom not accounted for in the keto 
and carboxyl groups. Since the nrpropyl group is not susceptible to 
partial oxidation, whereas alkaline permanganate is known to hydroxylate 
an isopropyl group, the second alkyl group is an isopropyl group. The 
product of the oxidation of retenequinone (II) by means of alkaline potas- 
sium permanganate is therefore a hydroxyisopropyldiphenyleneketone- 
carboxylic acid (VI). The tricarboxylic acid (IX) readily forms an 
anhydride, while the dicarboxylic acid (VII) does not. One carboxyl 
group of the acid (IX) must be ortho to the carbonyl group of VII, and 
thus ortho to the carboxyl group which is produced in IX by fusion of 
VII with alkali. It follows that one alkyl group of retenequinone (II) is 
attached to Ci, adjacent to one of the quinoidal carboxyl groups. 

Bamberger and Hooker therefore established retene as a methyliso- 
propylphenanthrene in which one of the alkyl groups is at Ci. Their 
work did not indicate whether or not the second alkyl group was in the 
same benzene nucleus or in a different one. 

Fortner (64) oxidized fluorcne-2-carboxylic acid with chromic acid and 
obtained Bamberger and Hooker’s diphenyleneketonecarboxylic acid 
(VIII). This showed further that one of the alkyl groups in retene was 
at C7. 

By fusion of retene ketone (V) with potassium hydroxide, Lux (104) 
obtained two methylisopropylbiphenylcarboxylic acids, XV and XVI. 
One of these acids, presumably XV, did not esterify easily, and he con- 
cluded that it must contain two substituting groups in the positions ortho 
to the carboxyl group. This lent further proof to the presence of one 
alkyl group in retene at Ci. 


COOH 



XIV 

Trimellitic acid 


H.C CH, 

\ / 

CH 


Y 

/ScOOH 


XV 


CH, 



Schultze (133) oxidized hydrogenated retenes to trimellitic acid (XIV), 
thus proving that the two alkyl groups in retene cannot be in the same 
benzenoid ring. Since one of the alkyl groups in retene had already been 
shown to be at Ci. the work of Schultze indicated that the second alkvl 
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group was at C 7 . Thus the observations of Fortner, Lux, and Schultae 
showed that the methyl and isopropyl groups in the retene molecule are 
probably located at C t and C 7 , respectively, or at C 7 and Ci. 

It remained for Bucher to complete the task of determining the struc- 
ture of retene. Retenequinone (II) is oxidised by means of potassium 
permanganate in pyridine solution to yield 4'-(ot-hydroxyisopropyl)-3- 
carboxydiphenic acid (XVII). This acid (XVII) loses water very easily 
upon heating, leaving a residue which is still soluble in sodium carbonate 
solution. This shows the acid to be tribasic. Its formation from retene- 
quinone establishes the positions of two of the carboxyl groups at C» and 
CV (XVII). The loss of water on heating fixes another carboxyl group in 
an adjacent ortho position (Ci, formula XVII), for substances of the 
diphenic acid type sublime unchanged when heated. Inasmuch as the 
isopropyl group remains in the compound, it is certain that the carboxyl 
group attached to Cj must have come from the methyl group present in 
the original quinone (II) at Ci. 


H*C CH, 


H»C 



\ / 

0— OH 

COOH 


4\ 

6 


I 


s 

V o=o 
/v^° 

S 

YcOOH t 

^JcOOH 


> 

£V:ooh 

^VOOH 


J® 

II 


ylCOOH 

XVII 

^COOH 

XVIII 

Retenequinone 


3 , 4'-Dicarboxydiphenic 
add 


Further oxidation of the tribasic hydroxy acid (XVII) yields the corre- 
sponding tetrabamc acid (XVIII), 3 ,4'-dicarboxy diphenic acid, which 
gives biphenyl (XIII) on complete decarboxylation. This tetrabasic 
acid, on heating, gives off water to form an anhydride which is still soluble 
in sodium carbonate solution with effervescence of carbon dioxide. The 
acid (XVIII) therefore does not contain a carboxyl group at Or. In this 
oxidation a small quantity of hemimellitic acid (XIX) was obtained, prov- 
ing that in retene the alkyl groups must be attached to different benzene 
rings. These results show that the isopropyl group in retenequinone (II) 
must be at C§, C», or C 7 . 

Additional evidence concerning the location of the isopropyl group was 
obtained by Buoher in his oxidation of the diphenyleneketonedicarboxylic 
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acid (VII) of Bamberger and Hooker to hemimellitic acid (XIX) and 
trimellitic acid (XIV). This further proves that the original alkyl groups 
in retene are in different benzene nuclei and that the unlocated carboxyl 
group (a) in the fluorenonedicarboxylic acid (VII), and hence the isopropyl 
group in retene, is at C« or C 7 . 


COOH (a) 

/% 


y\ 


v 


\s 

COOH 


0=0 



VII 

Fluorenone-1 ,7-dicarboxylic acid 


COOH 

n 

liJCOOH 

COOH 

XIV 

Trimellitic acid 
COOH 

/Vjooh 

x ^COOH 

XIX 

Hemimellitic acid 


The isopropyl group in retene was finally established at C 7 by the 
degradation of the hydroxyisopropylfluorenonecarboxylic acid (VI) of 
Bamberger and Hooker to the known p-phenylbenzoic acid (biphenyl-4- 
carboxylic acid). Fusion of VI with potassium hydroxide gives the hy- 
droxyisopropylbiphenyldicarboxylic acid (XX), which yields the iso- 
propylbiphenyldicarboxylic acid (XXI) upon reduction with hydriodic 
acid. The position of the carboxyl group formed by opening the fluorenone 
ring of VI by alkali and represented at Cr in formulas XX and XXI is 



H S C CH, 

\ / 

C— OH 


0=0 


'COOH 


VI 

7-(of-Hydroxyiso- 
propyl)fluorenone- 
1-carboxylic acid 



H,C CH, 

V 



4'-(«-Hydroxyisopro- 
pyl)biphenyl-2' ,3- 
dicarboxylic add 


4'-Isopropylbiphe- 
nyl-2' ,3-dicarboxylic 
add 
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H*C CH» 

''ell COOH 



XXII XXIII 

4-Lsopropylbiphenyl Biphenyl-4-carbox- 

ylic acid 

problematical; it may be at Ct. The exact position of this carboxyl group 
is of no serious consequence in the proof of structure in question, for this 
carboxyl group disappears, together with the other carboxyl group, upon 
decarboxylation of XXI. Oxidation of the 4-isopropylbiphenyl (XXII) 
thus formed gives p-phenylbenzoic acid (biphenyl-4-carboxylic acid) 
(XXIII), proving that the isopropyl group of retene is at C 7 . Retene (I) 
is therefore l-methyl-7-isopropylphenanthrene. 



CH, 

I 

Retene 


B. Synthesis 

The structure of retene as established by Bucher has been further cor- 
roborated by the synthesis of the hydrocarbon from simpler materials of 
known constitution. Aside from their structural contribution, these 
syntheses have no practical value as a source of retene. 

The succinic anhydride synthesis of Haworth (76) was adapted by that 
author, in collaboration with Letsky and Mavin (78), to the synthesis of 
retene (I). /3-Isopropylnaphthalene condenses with succinic anhydride 
in the presence of aluminum chloride to yield /S-(6-isopropyl-2-naphthoyl)- 
propanoic acid (XXIV). Methylmagnesium iodide reacts selectively 
with the keto group of the methyl ester of the keto add (XXIV) to give 
7 -( 6 -isopropyl- 2 -naphtbyl)-/ 3 -pentenoic acid (XXV), which is reduced with 
phosphorus and hydriodic acid to y-(6-isopropyl-2-naphthyl)valeric add 
(XXVI). CycHzation of the latter by means of sulfuric add yields 
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4-keto-l-methyl-7-isopropyl-l ,2,3, 4-tetrahydrophenanthrene (XXVII). 
The Clemmensen reduction of the ketone followed by selenium dehydro- 
genation gives retene (I). 


(CH,),CB 


~y 


% 


j8-I sopropyl naphthalene 



/3-(6-Isopropyl-2-naphthyl)- 
propanoic acid 



XXV 

7-(6-Isopropyl-2-naphthyl)-/3- 
pentenoic acid 


CH » 


XXVI 

7-(6-Isopropyl-2-naphthyl)valeric 

acid 



I XXVII 

Retene 4-Keto-l-methyl-7-isopropyl- 

1,2,3, 4-tetrahydrophenanthrene 

The Bardhan and Sengupta synthesis of phenanthrene (25) was adapted 
with equal success by the Indian chemists in the synthesis of retene (26). 
The potassium derivative of ethyl 4-isopropylcyclohexan-l-one-2-carboxyl- 
ate (XXVIII) reacts with 0-o-tolylethyl bromide to give ethyl 4-isopropyl- 
2-(/3-o-tolylethyl)cyclohexan-l-one-2-carboxylate (XXIX). Sodium amal- 
gam reduces the keto ester (XXIX) to ethyl 4-isopropyl-2-(0-o-tolylethyl)- 
cyclohexan-l-hydroxy-2-carboxylate (XXX). This hydroxy ester (XXX) 
is heated with phosphorus pentoxide and the product dehydrogenated by 
selenium to yield retene (I). 

More recently Bogert and Sterling (35) have adapted the Perlman- 
Davidson-Bogert synthesis of phenanthrene (116) to the synthesis of 
retene. This method starts with the known p-acetylaminocumene 
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C*H»OOC CHr-CH, 


I 


CiHsOOC CHr— C3H* 

* 


XXX 


XXIX 


XIi)iCH< ^ ^ OH ^ y <- (CH,),CH<^ 

\ 

(CH,),CH^ 






CH, 


I 

Retene 


(XXXI), which is converted to the monobromo derivative. Hydrolysis 
of the latter, followed by removal of the amino group through the diazo 
reaction, gives m-bromocumene (XXXIII). The bromo compound reacts 
with magnesium, then with ethylene oxide to yield 0 - (w-eumyl) e thanol 
(XXXIV). The alcohol (XXXIV) gives the corresponding bromide 
(XXXV) when treated with phosphorus tribromide. The magnesium 
compound of this bromide undergoes the Grignard reaction with 2,6- 
dimethylcyclohexanone to form 2,6-dimethyl-l-(/S-m-cumylethyl)cyclo- 
hexanol (XXXVI). Cyclization of the latter by means of sulfuric acid 
furnishes 12-methyl-l,2,3,4,9,10,ll,12-oetahydroretene (XXXVII), 
which is smoothly dehydrogenated by means of selenium to retene (I). 


H,C CH, H,C 

0 - 

NHCOCH, 

XXXI 

p-Acetylamino- 
cumene 


CH, H,C CH, H,C CH, 



JCH,CHsOH 


XXXIV 

m-Bromocu- /3-(m-Cumyl)ethanol 
mone 
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HjC CH, 



H,C CH, 



XXXVI 
2,6-Dimethyl- 
l-(0-m-cumyl- 
ethyl) cyclo- 
hexanol 



XXXV 

0-(m-Cumyl)ethyl 

bromide 


VI. HYDROGENATION PRODUCTS OF RETENE 

A. Various hydrogenated retenes 

The study of the hydrogenation products of retene has been of interest 
chiefly in connection with attempts to establish the structure of abietic 
acid. Retene having been defined as a dehydrogenation product of this 
acid, the ring skeleton of abietic acid is known. Many investigators 
(100, 133, 141) believed that, in order to determine whether hydrogenated 
retenes or their methyl homologs are obtained from resin acids, it was 
important to prepare the different hydrogenated retenes and determine 
their properties. 

The earliest work on the hydrogenation of retene was done by Bam- 
berger and Lodter (23), who reduced retene by means of sodium and amyl 
alcohol and obtained a tetrahydroretene. By prolonged action of phos- 
phorus and hydriodic acid on the hydrocarbon, Liebermann and Spiegel 
(101) obtained a dodecahydroretene, CisHso- This compound was later 
prepared by Ipatiev (87), who hydrogenated retene at an elevated tem- 
perature in the presence of nickel .oxide. Prolonged hydrogenation of this 
dodecahydroretene yielded perhydroretene, CisHsa. The latter did not 
prove to be identical with fichtelite, in disagreement with the views of 
Spiegel (136) and of Bamberger and Strasser (24). In 1904 Easterfield 
and Bagley (50) heated abietic acid with hydriodic acid in a sealed tube 
and obtained a hydrocarbon which they reported to be a decahydroretene, 
CisHag. 

In 1920 Virtanen (144) prepared six hydrogenated compounds from 
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retene and recorded their physical constants. Dihydroretene and tetra- 
hydroretene (table 1) were made by reducing retene with sodium and 
amyl alcohol; the others were obtained by the action of phosphorus and 
hydriodic acid on the hydrocarbon at elevated temperatures in a sealed 
tube filled with carbon dioxide. None of these hydrogenated retenes 
formed picrates. 

Czerny (45) obtained an octahydroretene, CibHm, by prolonged treat- 
ment of pine oil with caustic potash at 50-60 e C.; its physical constants 
differed somewhat from those of the octahydroretene described by Vir- 
tanen (144). Orlov (115) investigated the pyrolytic dissociation of retene 
in the presence of hydrogen under pressure. The hydrogenation of retene 
and hydroretenes has been studied by Hasselstrom and Hull (75). 

In 1932 Bogert and Hasselstrom (33) reduced retene-6-carboxylic acid, 
the synthesis of which will be described in a later section, and obtained an 


TABLE 1 

Physical properties of retene and of its hydrogenation products 


COMPOUND 

FOBMULA 

APPEARANCE 

MELT- 

INO 

POINT 

BOILING 
POINT AT 

10 MM. 

V 

i 

»• 

n D 




•c. 

•c. 



Retene 

C„H» 

White plates 

98.5 

208-210 



Dihydroretene 

CuHjo 

White plates 

64-65 

188-190 



Tetrahydroretene 

C„H„ 

Pale yellow oil 


180-183 

1.0057 

1.56061 

Hexahydroretene .... 

Cl«Hl| 

Colorless oil 


175-177 

0.9802 

1.54705 

Octahydroretene .... 

CijHm 

Colorless oil 


163-165 

0.9578 

1 53023 

Decahydroretene .... 

c 18 h„ 

Colorless oil 


155-158 

0.9342 

1.51501 

Dodecahydroretene . . 

CuHio 

Colorless oil 


148-150 

0.8985 

1.48510 


octahydroretene-6-carboxylic acid. Its sodium salt behaved as a true 
resinate, being soluble in hot water but not in aqueous alkali. This 
octahydroretene-6-carboxylic acid is the nearest approach so far achieved 
synthetically to a true aporesin acid of the abietic series. 

Owing to the difficulty encountered in the preparation of retene deriva- 
tives, Nyman (114) studied substitution in 9 , 10-dihydroretene and 
found that it occurred more readily than in retene. The dihydro com- 
pound was prepared in 60 per cent yield by reduction of retene with sodium 
and amyl alcohol. Nyman investigated the acetylation of 9,10-dihydro- 
retene and prepared a number of new derivatives. 

B. Relation to fichklite 

Fichtelite (XXXVIII), m. p. 46.5 8 C., is a completely saturated hydro- 
carbon which is decidedly inert in both chemical and physical properties. 
First isolated by Bromies (38) from peat beds of pine forests in Bavaria, 
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its structure and composition were long in question. Early investigators 
(17, 24, 84, 101, 136) regarded it as a perhydroretene, CigHw. 

Prompted by the discovery that fichtelite yields retene upon dehydro- 
genation with sulfur (120), Ruzicka and Waldmann (128) studied a quan- 
titative dehydrogenation of the material with palladium charcoal at 
330-370°C. Were fichtelite a perhydroretene, C18H32, the gas evolved in 
this dehydrogenation should consist only of hydrogen: 

CisH* -> CieHis + 7H, 

Perhydroretene 

The gases actually evolved were found to consist of one volume of methane 
and six volumes of hydrogen: 

C 19 H m - CigHis + CH 4 + 6Hj 
Fichtelite 

This indicated the presence of an additional tertiary methyl group. In 
order to show its relationship to abietic acid (XXXIX), from which it 
probably arises in the process of decay, Ruzicka and Waldmann have 
proposed for fichtelite the structure given in formula XXXVIII. 

In an effort to clear up the structure of fichtelite, Rogert and Sterling (35) 
synthesized 12-methyl-l ,2,3,4,9,10,11, 12-octahydroretene (XXXVII), 
which was catalytically hydrogenated at 225°C. and 150 atm. pressure by 
Dr. Homer Adkins. There was obtained a hydrocarbon, C19H34, which 
was an oil, boiling at 179-181 °C. at 12 mm. pressure. As fichtelite is a 
white crystalline solid, m. p. 46.5°C., this hydrocarbon was not identical 
therewith. It may be that the difference between the two is a stereo- 
chemical one (120) or that the hydrocarbon of Bogert and Sterling requires 
further purification. 

It is of interest to point out at this point that the so-called “methyl- 
retene” obtained by Ruzicka and Meyer (124) in their degradation of ethyl 
abietate to “methylretene” has been identified as l-ethyl-7-isopropyl- 
phenanthrene (XLII). Upon oxidation with alkaline potassium ferri- 
cyanide, retene yielded phenanthrene-l,7-dicarboxylic acid (XL) and 
biphenyl-2, 2', 3, 4'-tetracarboxylic acid (XLI) (121). A “methylretene” 
should yield a tribasic acid under similar conditions. 

Instead, Ruzicka, de Graaf, and Mtiller obtained phenanthrene-1 ,7- 
dicarboxylic acid (XL), identical with the product obtained from retene. 
This evidence indicates that the additional methyl group in “methyl- 
retene” is not attached directly to the phenanthrene ring. Ruzicka, de 
Graaf, and Mliller postulated that the methyl group in question was in a 
side chain, probably united with the methyl group of retene (I) at Ci in 
the form of an ethyl group. In other words, “methylretene” is 1-ethyl- 
7-isopropylphenanthrene (XLII). 
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XLII 

l-Ethyl-7-isopropylphenanthrene 


This hypothesis was established as a fact by Haworth (77), who synthe- 
sized the hydrocarbon by a series of reactions similar to those used in his 
synthesis of retene (I) (see above). In the transformation from the methyl 
ester of the keto acid (XXIV to XXV), he used ethylmagnesium iodide 
instead of the methyl compound. The synthetic l-ethyl-7-isopropyl- 
phenanthrene (XLII) was found to be identical with the “methylretene” 
obtained from the degradation of ethyl abietate (124). 


VII. DERIVATIVES OF RETENE 

Nearly one hundred years had elapsed since the preliminary report of 
Fikentscher and Trommsdorf (140) before systematic synthesis of retene 
derivatives was undertaken. Prior to the publication of Fieser and Young 
(61), no retene derivatives had been reported in which the exact position 
of all the substituent groups in the molecule was given. The unique work 
of these authors in establishing the structures of the two retenols of 
Xomppa and Wahlforss (07) has largely made possible recent expansion 
in the retene field by other investigators. The matchless contribution of 
Fieser and Young (61) is discussed in detail below. 

A. Hydroxy derivatives 

By alkaline fusion of the ammonium salts of A- and B-retenesulfonic 
acids, Komppa and Wahlforss (97) prepared the corresponding mono- 
hydroxy derivatives. The term "retenor was suggested for mono- 
hydroxyretene, Cj*HitOH, in analogy with the corresponding term for 
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monohydroxyphenanthrene. The A- and B-retenols of Eomppa and 
Wahlforss (97) were characterized as 2- and 6-retenol, respectively, by the 
research of Fieser and Young (61). 

Inasmuch as no promising method of degradation could be found to 
establish the structure of the two retenols, Fieser and Young tackled the 
problem from an entirely different angle. Since it is possible to oxidize 
suitable A- and B-retenol derivatives to 9 , 10-re tenequinones without 
affecting the new substituents, these groups must occupy the 2-, 3-, 4-, 
5-, 6-, or 8-positions. The 8-position is ruled out by the Dimroth test 
(47, 48) for a-hydroxyquinones. 8-Hydroxyretenequinone should give 
an intense coloration with boroacetic anhydride, but neither the A- nor 
the B-quinone displays such behavior. The 8-position is definitely ruled 
out by subsequent work of Adelson and Bogert (3, 4), who synthesized 
3'-methyl-5,6-cyclopentenoretene from 6-acetylretenc. The structure 
of 6-acotylretene had previously been established by these authors (1) by 
conversion of the ketone into the 6-retenol of Fieser and Young. Had the 
8-position been the one involved, the cyclopenteno ring could not have 
been formed. The synthesis of 5,6-benzoretene by Adelson and Bogert 
(5) furnishes another example in substantiation of this point. 

The next significant fact is that B-retenol couples with diazotized 
amines, while A-retenol does not. The double bonds of phenanthrene 
occupy fixed positions as in the case of naphthalene. C* and C 8 are con- 
nected by a single bond and hence a 2-phenanthrol cannot couple with 
diazonium salts if Ci is blocked, as is the case with retene, for a double 
bond is required for the formation of the intermediate addition product. 
Stated in more general terms, this rule asserts that only those phenan- 
throls can couple which have a free position para to the hydroxyl group or 
have free an ortho position which is connected by a double bond to the 
carbon carrying the hydroxyl group. In the case of retene, there is only 
one possible hydroxyl derivative which does not fulfil the requirement. 
Since A-retenol does not couple, it must be 2-retenol (XLIII). 


(CH,),CH«f* 


_^° H 


XLIII 

2-Retenol 



XLIV 

6-Retenol 


Four possible locations remain for the hydroxyl group in B-retenol, 
namely, 3, 4, 5 , or 6. By a comparison of the reduction potentials of the 
2- and B-hydroxyretencquinones, positions 4 and 5 are eliminated. Fieser 
(57) has shown that there is considerable difference in the effect of the 
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hydroxyl group' on the potential of phenanthraquinone according to 
whether the substituent occupies a position which is meta or ortho-para 
to one of the ketonic oxygen atoms. A single hydroxyl group at Ct or C« 
is without influence, while such a group at Ct or C* lowers the potential 
51 millivolts. In the case of the hydroxyretenequinones the situation is 
slightly altered by the fact that there must be present in one of the ter- 
minal benzene rings two substituents (hydroxyl and alkyl) which produce 
a lowering in the potential of the parent quinone. Comparing the mono- 
and di-hydroxyphenanthraquinones it is seen that the effect of a second 
hydroxyl group introduced into the ring carrying the first such group 
produces a somewhat greater potential lowering: 28 millivolts for a group 
in the meta position and —77 millivolts for a group in the ortho-para 
position. It is reasonable to expect that a hydroxyl group would have a 
similar effect upon the potential of retenequinone. The potentials of the 
three compounds concerned are: 



POTENTIALS 

A 




volts 

millivolts 

Retenequinone 



0.421 


A (2)-hydroxy retenequinone . . . 



0.385 

—36 

B-hydroxyretenequinone 



0.348 

-73 


The differences, which show the effect of the added hydroxyl groups, 
clearly indicate that the class A compounds contain the hydroxyl group in 
the meta position to one of the ketonic oxygen atoms in the appropriate 
quinone, and the class B compounds contain it in the ortho-para position. 
This confirms the structure already assigned to the A-compound (2- 
retenol) and shows that in B-retenol the hydroxyl group must be located 
at either C* or C» (C* is excluded by the Dimroth test). A choice between 
Ci and C» can be made by a consideration of orientation principles. The 
retenols, it will be recalled, were made by alkali fusion of the corresponding 
sulfonates. It is highly improbable that an alkyl group (at Ci or Cj) 
would direct a sulfonic acid group to a meta position (C» or C*) when a 
position ortho to such a group is available. Since C* and C« are ruled out 
by other considerations, it is very probable that the hydroxyl group in 
B-retenol is at C# (XLIV). 

9-Retenol has been made by the reduction of retenequinone with zinc 
dust and acetic add (61). Its structure is established by a study of the 
9,10(or 10,9)-hydroxyazo derivatives of retene. In the case of phenan- 
threne such a compound may be prepared in two ways: by coupling 9- 
phenanthrol with a diazotized amine or by condensing phenanthraquinone 
with phenylhydrazine. Werner and Frey (149) have shown that the same 
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product is obtained in each case. With retene, however, the two reaction 
products are different. 9-Retenol couples readily with diazotized p- 
nitroaniline to give 9-hydroxy-10-(p-nitrophenylazo)retene (XLV). The 
isomeric compound, 10-hydroxy-9-(p-nitrophenylazo)retene (XLVI) has 
been prepared by li Man Cheung (103) from retenequinone and p-nitro- 
phenylhydrazine. Since this last reaction is probably one involving an 


(CH,),CH^ 


HO N-NCJLNO, 



XLV 

9-Hydroxy-10-(p-nitrophenylazo)- 

retene 


0,NC^N=N OH 



XLVI 

10-Hydroxy-9-(p-nitrophenylazo) 

retene 


addition, and since it is known to be subject to steric influence, it is reason- 
able to assume that condensation at the ketonic group closest to the 
methyl group is retarded and that the product formed has the structure 
given in formula XLVI. The compound obtained from the retenol, being 
isomeric with this substance, must have the alternate structure of XLV, 
whence the new hydroxyretene is 9-retenol. Fieser and Young (61) 
assume that it is the methyl group at Ci in retenequinone that causes the 
condensing agent (here p-nitrophenylhydrazine) to attack the ketonic 
group at C» rather than the one at Cio. Analogous experiments with 
1-methylphenanthraquinone support this assumption. 

The remarkable reasoning of Fieser and Young (61) that it is the oxygen 
atom closest to the methyl group in retenequinone that is eliminated on 
reduction has recently been confirmed by synthesis. Keimatsu, Ishiguro, 
and Sumi (93) have synthesized 9-methoxyretene (LIII) by a process 
similar to that used by Ruzicka and Waldmann (126) in the preparation 
of 1 ,7-dimethyl-9-methoxyphenanthrene. Isopropylbenzene and suc- 
cinic anhydride react in the presence of aluminum chloride in tetrachloro- 
ethane solution to give /J-(p-isopropylbenzoyl)propanoic acid, which under- 
goes the Clemmensen reduction to yield v-(p-isopropylphenyI)butanoic 
acid. The latter is converted into l-keto-7-isopropyl-l,2,3,4-tetra- 
hydronaphthalene (XLVII) by treatment with sulfuric acid. This 
keto compound (XLVII) furnishes l-hydroxy-7-isopropylnaphthalene 
(XLVIII) when heated with sulfur and cupric sulfide. l-Methoxy-7- 
isopropylnaphthalene (XLIX), prepared by the action of dimethyl sulfate 
on the hydroxy compound (XLVIII), yields 0-(l-methoxy-7-isopropyl- 
naphthoyl-(4))-propanoic acid (L) when subjected to the Friedel-Crafts 
reaction with succinic anhydride. This keto acid (L) undergoes the 
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Clemmensen reduction to •>'-(l-methoxy-7-isopropylnaphthyl-(4))-butanoic 
add (LI), the add chloride of which furnishes l-keto-7-isopropyl-9- 
methoxy-1 ,2,3, 4-tetrahydrophenanthrene (LII) upon vacuum distilla- 
tion. The ketone (LII) is reacted with methylmagnedum iodide and the 
reaction product is dehydrogenated with selenium to yield 9-methoxy- 
retene (LIII), identical with that prepared by Fieser and Young (61) by 
methylation of 9-retenol. 



XLVII XLVIII XLIX 

l-Hydroxy-7- l-Methoxy-7- 

isopropylnaphthalene isopropylnaphthalene 


I 


CH,0 COOH CHjO COOH 



9-Methoxyretene 

In 1933 Japanese chemists published the first of a series of papers con- 
cerning the isolation of a natural product which they subsequently de- 
scribed as possessing the retene nucleus. From the ether extract of the 
middle, red part of Japanese hinoki wood, Yoshiki and Ishiguro (164) 
obtained an oil which separated into two layers on standing. The upper 
layer, a viscous, bright yellow oil, yielded a crystalline substance which 
they called hinokiol. Subsequent work by Keimatsu and Ishiguro (92) 
gave CuHjiOi as the molecular formula for hinokiol. Dehydrogenation 
of hinokiol with selenium gave three compounds which the authore state 
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to be retene, a hydroxyretene, C 18 HigO, and a dihydroxyretene, C 18 Hi 8 0 3 . 
Various derivatives were prepared in support of these views by Keimatsu 
and Ishiguro, who then proposed tentative structures for the compounds 
in question. The hydroxyretene, the dihydroxyretene , and hinokiol were 
assigned the structures LIV, LV, and LVI, respectively, where R is CHg 
and R' is CHgOH, or R is CH2OH and R' is CHg. The position of the 
phenolic hydroxyl group in LV and LVI was also uncertain; in addition, 
the double bond linkage and the position of the angular methyl group in 
hinokiol (LVI), which is a dihydroxyoctahydromethylretene, were not 
definite. Until a more comprehensive study of this problem appears, 
these structures are to be regarded as provisional. 


CHg 


/ \ 

p h \— / \ / 


=\ R 


CH, 


R' 


R 




LIV 


LV 



9 , 10-Dihydroxyretene has been prepared by Bamberger (16) and by 
Knesch (96); the latter prepared it by reduction of the sodium bisulfite 
compound of retenequinone with iron or zinc dust and water, no acid or 
alkali being required. This hydroquinone is extremely sensitive to oxida- 
tion and is best isolated in the form of its diacetyl or dibcnzoyl derivatives. 
Its instability had also been noticed by Ekstrand (63). 


B. Carboxylic acids 

Liebermann and Zsuffa (102) were the first to describe a retenecarboxylic 
add. They synthesized it by the usual Friedel-Crafts reaction, from 
retene and oxalyl chloride, and reported its melting point as 121-123°C. 
It is possible that this melting point is a misprint for 221-223°C. This 
work was repeated by Komppa and Wahlforss (98), who obtained an 
acid, m. p. 229-231°C. (uncorrected) and oxidized it to the corresponding 
quinonecarboxylic add, thus proving that the carboxyl group was not 
attached to C9 or Cio. Bogert and Hasselstrom (33) obtained this 
retenecarboxylic add, m. p. 237.5-238.6°C. (corrected), by the oxida- 
tion of acetylretene by sodium hypobromite. 
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The structure of this retenecarboxylic acid was established by Adelson 
and Bogert (1), who determined the position of the acetyl group in acetyl- 
retene as Ce (see below). These authors (1) also simplified the synthesis 
of retene-6-carboxylie acid from 6-acetylrctene by the use of an alkaline 
iodine-potassium iodide solution as the oxidant. 

C. Sulfonic adds 

The action of sulfuric acid on retene has been studied by a number of 
investigators. FehUng (66) noted that sulfur dioxide was evolved when 
retene was heated with concentrated sulfjiric acid above 100°C., but could 
isolate no sulfonic acid. Fritzsche (70; was successful in isolating the 
barium salt of a rctenedisulfonic acid, Ci8Hi6(SO s H) 2 , obtained by the 
action of a mixture of concentrated and fuming sulfuric acids on retene. 
Ekstrand (63) was able to identify the free disulfonic acid and its chloride. 
All his attempts to prepare a monosulfonic acid, in spite of the use of the 
most diversified experimental conditions, were fruitless. 

In 1930 Komppa and Wahlforss (98) prepared two isomeric retene- 
sulfonic acids, CigHnSOjH, designated as A-retenesulfonic acid and R- 
retenesulfonic acid, by adding concentrated sulfuric acid to vigorously 
stirred melted retene. At 100°C. the formation of the A-acid was favored, 
while at 200°C. the B-acid predominated. Fusion of the ammonium salts 
of these acids with potassium hydroxide gave the A- and B-retenols, whose 
structures have been established as 2- and 6-retenol, respectively, by 
Fieser and Young (61) (see above). Hence the acids in question are 
retene-2-sulfonic acid and retene-6-sulfonic acid. 

The work of Komppa and Wahlforss (98) on the retenesulfonic acids 
has been extended by Komppa and Fogelberg (97) to 9 , 10-dihydroretene. 
Sulfonation of 9 , 10-dihydroretene yields two well-defined sulfonic acids 
whose ethyl esters give upon oxidation the ethyl 2-retenequinonesulfonate 
and ethyl 6-retenequinonesulfonate of Komppa and Wahlforss (98). 
This defines the dihydroretenesulfonic acids as 9 , 10-dihydroretene-2- 
sulfonic acid and 9,10-dihydroretene-6-sulfonic acid. Attempts to re- 
place the sulfonic acid group of these acids by the hydroxyl group results 
in simultaneous dehydrogenation and consequent formation of the corre- 
sponding retenols, the 2- and 6-retenols. 

Hasselstrom and Bogert (74) have been interested in opening a path to 
a successful synthesis of thioindigoids from retene. 6-Retenesulfonyl 
chloride (98) was reduced by zinc and sulfuric acid to 6-thioretenol (6- 
retyl mercaptan), and this mercaptan was condensed with chloroacetic 
acid to 6-retylthioglycolic acid (LVII). When this thioglycolic acid was 
subjected to the action of chlorosulfonic acid, there resulted a very un- 
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stable thioindoxyl (LVIII) and a disulfonic acid of the corresponding 
thioindigo. In alkaline solution the thioindoxyl (LVIII) was oxidized to 
an amorphous dark solid, presumably 6-retenethioindigo (LIX), which 
resisted purification and which, therefore, could not be positively identified. 
The retenethioindoxyl (LVIII) condensed readily at Ci< (formula LVIII) 
with various aldehydes to yield thioindogenides and with isatin to yield 
6-retothiophene-3-indoleindigo. These condensation products, which 
also could not be purified, exhibited tinctorial properties. 


(CH,),CB 
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/=\ CB 


CH, 


CH,— COOH 
LVII 

6-Retylthioglycolic acid 


(CH,),CH 




^JHr-io 


= \ CH, 


LVIII 



6-Retenethioindigo (?) 


D. Nitro and amino derivatives 

Attempts by various investigators to obtain crystalline nitro derivatives 
by the direct nitration of retene itself have not been very successful, the 
results in most cases having been either tars or oxidation products (22, 
55, 68, 103). Ekstrand (53) obtained a yellow, flocculent precipitate 
when he -diluted the acid mixture upon completion of the nitration of 
retene, but it resinified when crystallization was attempted. Amot (9) 
obtained a similar product, which he stated to be a dinitroretene, for he 
reduced it to a base (10) from which azo dyes were prepared by the usual 
reactions. He c laim ed also the production of a nitroretenesulfonic add 
by nitration of retene dissolved in a 20 per cent oleum, and of a dinitro- 
retenequinone from the quinone, but none of these products appears to 
have been either crystalline or analytically pure. A dinitroretenequinone 
has been reported by Li Man Cheung (103). 
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Heiduschka and Scheller (83) have reported a nitrotribromoretene- 
quinone, and Bogert and Hasselstrom (32) a crystalline dinitro-6-acetyl- 
retene. The latter authors (34) have also prepared mononitro derivatives 
of 6-acetoxyretene and of retene ketone (l-methyl-7-isopropylfluorenone), 
both of which were reduced to the corresponding amines. The amino-6- 
acetoxyretene was very unstable, but yielded a stable, crystalline acetyl 
derivative. Fieser and Young (61) found that 5-amino-6-retenol was 
similarly unstable, and they also resorted to acetylation to obtain a crys- 
talline pure product. Bamberger and Hooker (22, page 144) have shown 
that l-methyl-7-isopropylfluorene (retenefluorene) yields without difficulty 
a dinitro derivative. More recently Komppa and Wahlforss (98) have 
reported unsuccessful attempts to prepare a crystalline nitro derivative 
of retene. 

From the foregoing it is apparent that, while retene itself yields no good 
nitration products, substituted retenes can be nitrated with success. 

Only one amino derivative of retene is known, 6-aminoretene (LXXIX) 
(1), a stable crystalline substance which is made by hydrolysis of 6- 
acetylaminoretene (LXXVIII), a compound resulting from the Beckmann 
rearrangement of 6-acetylretene oxime (LXXVII) (see below). 

E. Hcdogenaied derivatives 

The recorded literature contains but little systematic work on the 
halogen derivatives of retene. Such work was initiated by Ekstrand (53) 
in 1877. Ekstrand discussed the formation of additive compounds of 
retene with chlorine and bromine, and stated that tbe dichloride produced 
with chlorine appeared to be convertible into a monochlororetcne. A 
dibromoretene was prepared by the action of bromine on retene in aqueous 
suspension, while a tetrabromo derivative was produced when excess 
bromine was used hot. Heiduschka and Scheller (83) oxidized tetra- 
bromoretene and obtained a tribromoretenequinone, thus indicating that 
one of the bromine atoms in the original compound was at C» or Cm. 
These authors prepared a number of derivatives of this quinone. 

By passing chlorine into a carbon tetrachloride solution of retene in the 
sunlight and in the presence of iodine, Heiduschka and Grimm (80) ob- 
tained a retenenonachloride, CmH»C 1». This was a white, amorphous 
powder, m. p. 98-100°C., which was soluble in the usual organic solvents 
and which was stable toward chromic acid and nitric acid in acetic acid 
solution. 

Chlorination of retene in carbon tetrachloride solution gave 9 (or 10)- 
chlororetene (98), which yielded retenequinone upon oxidation. Boiling 
the chlorinated product with alcoholic potassium hydroxide or with 
quinoline did not split off hydrogen chloride, nor could the chlorine atom 
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be replaced by iodine by treatment with sodium iodide in acetone or in 
glacial acetic acid solution. No crystalline products were obtained when 
the 9(or 10)-chlororetene was nitrated or sulfonated. Attempts to obtain 
a monohydroxyretene from this monochlororetene by Grignard’s reaction 
gave no identifiable products. Attempts to prepare a methylretene from 
this monochlororetene and methyl iodide with sodium in absolute ether 
were likewise unsuccessful. The foregoing indicates the stability of the 
C — Cl linkage and the unreactivity of the chlorine atom in 9(or 10)- 
chlororetene. 

A mixture of mono-, di-, tri- and hexa-chlororetenes has recently been 
recommended for use in petroleum lubricants (148). Such a mixture of 
chlorinated retencs is added to a hydrocarbon lubricating base and has 
been proposed for high pressure or other purposes. 

F. Retenequinone 

Retenequinone (II) was first recognized as the quinone obtained by the 
oxidation of rctene by Bamberger and Hooker (19, 20). Earlier workers 
had published confusing accounts of the nature of the quinone (15, 52, 
54, 146). 

Retenequinone crystallizes in flat, orange prisms, m. p. 197°C. Valeur 
(142) has measured its heat of formation and its heat of combustion at 
constant volume and at constant pressure. The quinone is best prepared 
by oxidizing retene with chromic anhydride in acetic acid solution (22, 
page 116). Fieser and Young (61) have recommended that retenequinone 
be purified through its sodium bisulfite addition compound (53), which 
liberates the quinone upon acidification. Its sodium bisulfite addition 
compound is also described by Knesch (96). 

Retenequinone reacts with o-phenylenediamine to give the quinoxaline 
(22, page 123). Its product with ethylenediamine has been described by 
Mason (107). With arylhydrazinesulfonic acids it yields dyes whose 
shades vary from orange-red to blue-red (8). 

The monophenylhydrazone of retenequinone has been prepared by 
Bamberger and Grob (18). Its p-nitrophenylhydrazone has been reported 
by Li Man Cheung (103), and its semicarbazone and aminoguahidine 
derivatives by Heiduschka and Scheller (83). The dioxime of retene- 
quinone has been described by Bamberger (16). 

In an effort to cast light on the structure of retene, Lux (105) studied 
the Beckmann rearrangement of the monodxime of retenequinone (LX) 
(22, page 122). When treated with hydrogen chloride in a mixture of 
acetic acid and acetic anhydride, the oxime yielded chiefly a methyl- 
isopropylbiphenylenenitrilocarboxylic acid (LXI), m. p. 112-114°C., 
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together with a small amount of the corresponding methylisopropyl- 
diphenamio acid (LXII). The latter was also obtained by boiling the 
nitrilocarboxylic acid (LXI) with alcoholic potassium hydroxide. Thionyl 
chloride converted the nitrilocarboxylic acid (LXI) into the corresponding 
add chloride, which furnished methylisopropylbiphenylenenitriloamide 
(LXIII) when treated with ammonium hydroxide. Dilute alooholic 
potassium hydroxide hydrolyzed the nitriloamide (LXIII) to the methyl- 
isopropylbiphenylenediamidc (LXV). In one experiment Lux obtained 
the isomeric methylisopropyldiphenamic acid (LXIV) by the action of 
alcoholic potassium hydroxide on the nitriloamide (LXIII). The pod* 
tions of the methyl and isopropyl groups relative to the other substituting 
groups in. these compounds are uncertain. R = (CHj)jCH— and R' = 
CHj— , or vice versa, in formulas LX through LXV. 


RCJHfO^NOH 

R'CJLCO 

LX 

Retenequinone 

monobxime 


rcjh.cn (Tw0 RCJI.CN 

R'C«H»C()OH 8tepir> R'i,H,CONH. 
LXI LXIII 


RC«H,CONH, 

R'Ah,CONH. 

LXV 


RCJI,CONHj 

I 

R'C«H»COOH 

LXII 


RCJI.COOH 

R'ijLCONH, 

LXIV 


Werner and Piquet (161) obtained in poor yield a methylisopropyl- 
biphenylencnitrilocarboxylic acid, m. p. 195°C., by the action of benzene- 
sulfonyl chloride on retenequinone monooxime in pyridine solution. This 
nitrilocarboxylic acid was evidently isomeric with that (LXI) of Lux (106). 

Bucher’s brilliant work (39) establishing the structure of retene ap- 
peared almost timultaneously with Lux’s (106) studies on the Beckmann 
rearrangement of retenequinone monooxime. A few months later Lux 
published a more lengthy account of his work (106), together with the 
results of an extendon of his experiments. By assuming that the iso- 
nitroso group (=NOH) in retenequinone monodxime is at C* (l-methyl-7- 
isopropylphenanthraquinone-9-monooxime), Lux asdgned structures to 
the previoudy described compounds (LX through LXV). In formulas 
LX through LXV, Lux regarded R as (CH.).CH — and R' as CH. — . 
His assumption was based on the observation that neither the nitrilo- 
carboxylic acid (LXI) nor the diphenamic add (LXII) could be esterified 
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by means of alcohol and concentrated sulfuric acid. From this he con- 
cluded that the carboxyl group in LXI and LXII must be ortho to both 
the methyl group (R') and the biphenyl linkage, and therefore could not 
be esterified because of steric hindrance. This additional evidence does not 
seem to be of sufficient weight to establish the structures of the compounds 
in question (LX through LXV), and the definition of R as (CHs)tCH — 
and R' as CH« — must be regarded as provisional. 

The Hofmann degradation of the diamide (LXV) yielded the expected 
2,2'-diamino-3-methyl-4 / -isopropylbiphenyl (LXVI). When Lux tetrazo- 
tized this diamino compound and decomposed the tetrazonium salt thus 
produced under conditions usually employed for hydrocarbon formation, 
he did not obtain the expected 3-methyl-4'-isopropylbiphenyl. Instead, 
l-methyl-7-isopropylcarbazole (LXVII) was secured. 

NH, HjN NH 

| 1 CH, , / \ CH, 

(CH,),cH<f v~€ (ch,),ch/ y~\ y 

LXVI LXVII 

2 , 2 / -Diamino-3-methyl-4'- l-Methyl-7- 

isopropylbiphenyl isopropylcarbazole 

Bamberger and Hooker (22, page 145) have reported the behavior of 
retenequinone on further oxidation. Potassium permanganate oxidation 
yielded 7-(a-hydroxyisopropyl)fluorenone-l-carboxylic add (VI), fluo- 
renone-1 ,7-dicarboxylic acid (VII), l-methyl-7-isopropylfluorenone, oxalic 
acid, and other products. The quinone was reduced to retene by phos- 
phorus and hydriodic acid. 

Retenequinone yields reteneglycolic acid (III) when boiled with Btrong 
aqueous alkali (22, page 132) or with 10 per cent methyl alcoholic potassium 
hydroxide (104). By fusion of the quinone with potassium hydroxide and 
lead peroxide, Lux (104) obtained 4'-isopropyl-3-methylbiphenyl-2- 
carboxylic add (IV). 

By the action of suitable organomagnesium halogen compounds on 
retenequinone, Hdduschka and Grimm (80) have prepared a number of 

9.10- dihydroxy-9,10-diaryl(or dialkyl)-9,10-dihydroretene derivatives. 

9.10- Dihydroxy-9,10-diphenyl-9,10-dihydroretene (LXVIII) yielded an 
anhydride (LXIX) when treated with acetyl chloride. When the di- 
hydroxy compound (LXVIII) was heated with zinc dust, 9,10-diphenyl- 
retene was formed. Reduction of LXVIII with hydriodic acid and red 
phosphorus yielded a 9,10-diphenylhexahydroretene, and finally a retene- 
dodecahydride (101). 
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CA OH HO C.H, 
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(CH>)iCH ^ > 



CiHi 0 CeH» 


< 


CHi 


~y (CHi)iCB 


LXVIII 

9 , 10-Dihydroxy-9 , 10-diphenyl- 
9 , 10-dihydroretene 



COOC^H, 
0 i-COCH, 



(CH,),CH^ 

LXX 

Ethyl retoxyleneacetoacetate 


Retenequinone condenses with ketones in the presence of aqueous or 
alcoholic potassium hydroxide (81). Heiduschka and Khudadad have 
prepared a wide variety of such condensation products. The structures 
of the latter have not been absolutely established. When retenequinone 
is boiled with acetoacetic ester in alcoholic solution in the presence of a 
little piperidine or potassium hydroxide, ethyl retoxyleneacetoacetate 
(LXX) is formed (82). A number of reactions and derivatives of this 
product have been investigated. 

Adelson, Hasselstrom, and Bogert (6) have Btudied the oxidation of 
retenequinone in glacial acetic acid by means of 30 per cent hydrogen 
peroxide. Two substances were obtained, retenediphenic acid (LXXI) 
and a small amount of a lactone by-product. The latter, a methyliso- 
propylhydroxybiphenylcarboxylie lactone (LXXII), was identified as 
such by conversion into the methylisopropylmethoxybiphenylcarboxylic 
acid (LXXIII), and this in turn into the methylisopropylmethoxyfluo- 
renone-9 (LXXIV or LXXV). In the formulas shown at top of next 

I I 

page, the residue CHjCeHsCeHjGsH? is represented by R. 

Retenediphenic acid was found to behave as a true diphenic acid and to 
resemble phthalic acid in the formation of artificial resins with glycerol or 
bomeol. The acid had previously been obtained by Fogelberg (63) as a 
syrupy oxidation product when retenequinone was oxidized with hydrogen 
peroxide. The desired acid could be obtained in crystalline condition only 
by conversion to the anhydride, followed by purification and hydrolysis of 
the latter. 
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G. 6-Acetylretene 

Of all the derivatives of retene which have been prepared to date one of 
the most important is 6 -acetylretene (LXXVI). As a synthetic inter- 
mediate, 6 -acetylretene has proven to be of inestimable value. Its worth 
as a point of departure in proof of structure work is equally great, and it 
can be stated without reservation that this important compound has been 
very instrumental in guiding the course of much synthetic activity in 
progress during the past year. 

6 -Acetylretene (1, 32) is the only acetylated retene of established struc- 
ture that is known at present. The acetylation of 9 , 10-dihydroretene 
(114) has been investigated by Nyman. Freund and Fleischer (65) have 
reported a “retenediethylindandione” from retene, diethylmalonyl chlo- 
ride, and aluminum chloride. Neither Freund and Fleischer nor Nyman 
have proven the structure of their products. Another acetylated com- 
pound of unestablished structure was obtained by Perrier (117). He 
reported that the compound (CtHtCOCl)tAltCU, obtained by heating 
benzoyl chloride with aluminum chloride in carbon bisulfide, reacted with 
retene to form a compound, (CeHjCOCi sHi 7 ) 2 AljCl* . 

The preparation of a condensation product of retene with formaldehyde, 
said to be suitable for tanning, has been patented (14). 
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The synthesis of 6-acetylretene was developed by Bogert and Hassel- 
strom (32). It involved the Friedel-Crafts reaction between retene, 
acetyl chloride, and aluminum chloride in carbon bisulfide solution. The 
yield and technique of the synthesis were improved by Adelson and Bogert 
(1), who also established the structure of the compound by a sequence of 
reactions discussed in the following paragraph. Recently a patent (147) 
has appeared in which nitrobenzene is used as a solvent in the acetylation 
of retene. 

6-Acetylretene oxime (LXXVII) (32) was rearranged to 6-acetylamino- 
retene (LXXVIII) (1) by means of the well-known Beckmann rearrange- 
ment. The latter compound was hydrolyzed by alcoholic potassium 
hydroxide, and the 6-aminoretene (LXXIX) thus formed was converted 
into 6-retenol (XLIV) through the agency of the diazo reaction. 6- 


(CH,) 2 CH 


-o 


COCH, 


CH, 


(CH,),CB 

CH, 



/ 


£ 


CH, 

3 


LXXVI 

6-Acetylretene 


•NOH 
LXXVII 

6-Acetylretene oxime 


(CH,),CB 



CH,CONH 

LXXVIII 

6-Aoetylaminoretene 



LXXX 

6-Aoetoxyretene 


XLIV 

6-Retenol 


(CH,),CB 


H^T 



CH, 

:/ 


LXXIX 

6-Aminoretene 
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Betenol (XLIV) was acetylated, and both the acetylated product, 6- 
acetoxyretene (LXXX), and the parent phenol were found to be identical 
with authentic specimens of the materials prepared by other means (61, 98). 

The Beckmann rearrangement of a ketoxime has been applied very 
recently and independently by several investigators to the preparation of 
phenanthryl amines (1, 12, 112). 

As in acetophenone, the terminal group of 6-acetylretene was very 
reactive and condensed smoothly with various aldehydes to chalcone 
types, some of which possessed tinctorial properties* (32). Bromination 
of 6-acetylretene gave 6-w-bromoacetylretene and 6-u-dibromoacetyl- 
retene (6). 6-Acetylretene was also found to undergo the Beformatsky 
reaction (3, 4) (see below). 

By the method of Wolff (153) 6-acetylretene semicarbazone was easily 
reduced to 6-ethylretene (32). 

The oxidation of 6-acetylretene to retene-6-carboxylic add (1, 33) has 
been discussed above. 


H. Polynuclear compounds 

By fusion with selenium the so-called “Diels’ hydrocarbon” (3'-methyl- 
1,2-cyclopentenophenanthrene) has been obtained from such biologically 
interesting and chemically important compounds as cholesterol, ergosterol, 
lumisterol, isopyrovitamin, pyrocalciferol, cholic acid, strophanthidin, 
gitogenin, anhydrouzarigenin, sarsasapogenin, and pseudobufotalin. 

Since retene is itself a natural product containing the methyl and iso- 
propyl groups, two radicals which are frequently found associated in 
natural products and which seem to have some significant function in 
nature, Adelson and Bogert (3, 4, 5) have launched a program involving 
the synthesis of polynuclear hydrocarbons derived from retene. This has 
thus far included the synthesis of 3 -methyl-5, 6-cyclopentenoretene 
(LXXXV) (3, 4) and 5,6-benzoretene (XCII) (5). The former iB of 
significance because it is a methyl isopropyl homolog of the Diels’ hydro- 
carbon; the latter, 5,6-benzoretene (XCII), is of considerable interest 
because it is a methyl isopropyl homolog of 3,4-benzophenanthrene (42), 
which possesses .considerable carcinogenic activity and which is the 
amplest carcinogenic substance yet encountered (27). 

(1) 3'-Methyl-5, 6-cyclopentenoretene 

This hydrocarbon has been synthesized by Adelson and Bogert (3, 4). 
The Reformat8ky reaction involving 6-acetylretene (LXXVI), ethyl 
bromoacetate, and one dust yielded a hydroxy ester which was hydrolyzed 
to /S-hydroxy-^-6-retylbutanoic acid (LXXXI). The hydroxy add 
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(LXXXI) was dehydrated by means of acetic anhydride to 0-6-retyl- 
crotonic add (LXXXI1), which was then reduced to 0-6-retylbutanoic 
add (LXXXIII). Cydization of the add chloride of the latter through 
the agency of aluminum chloride in benzene solution gave 1 -keto-3 - 
methyl-5 , 6-cyclopentenoretene (LXXXIV). This cyclic ketone was 
converted into 3'-methyl-5 , 6-cyclopentenoretene (LXXV) by means of 
the Clemmensen reduction. 



(CHj)iCH' 


in/ 

" r“ 

CH,CHC 



CH, 

\ 


ICHjCOOH 
LXXXIII 

/3-6-Retylbutanoic aoid 


(CH,),CB 

CH*< 


£ 


CH, 

=/ 


COOH 
LXXXII 

/3-6-Retylorotonic acid 


I 




LXXXV 

3'-Methyl-5 , 6-cyclopentenoretene 


Inasmuch as 6-acetylretene was used as the starting material, the struc- 
ture of 3-methyl-5 , 6-cyclopentenoretene (LXXXV) was defined at once. 
Since Ct was occupied by the isopropyl group, only C, was available for 
ring closure. The same reasoning applies to 5,6-benzoretene, which is 
discussed below. 




XCII XCI 

5 ,6-Benzoretene 1' ,2', 3' ,4'-Tetrahydro-5 ,6-benzoretene 
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(2) 6 , 6-Benzoretene 

5,6-Benzoretene (XCII) has been synthesized by Adelson and Bogert 
(6) by a series of steps, starting with retene (I). The bromination of 6- 
acetylretene (LXXVI) gave 6-w-bromoacetylretene (LXXXVI) and a 
small amount of 6-u-dibromoacetylretene. The monobromo compound 
(LXXXVI) was condensed with sodiomalonic ester, and the resulting 
retacylmalonic ester was hydrolyzed to the corresponding 6-retacylmalonic 
acid (LXXXVII). Decarboxylation of the latter yielded /3-6-retoyl- 
propanoic acid (LXXXVIII), which was identical with the keto acid ob- 
tained by the interaction of succinic anhydride, retene, and aluminum 
chloride in benzene solution. The keto acid (LXXXVIII) was reduced 
by the modified Clemmensen method to 7-6-retylbutanoic acid (LXXXIX). 
Treatment of the latter with phosphorus pentachloride followed by alumi- 
num chloride gave l'-keto-l', 2', 3', 4'-tetrahydro-5,6-benzoretene (XC); 
this keto compound was also obtained by the action of anhydrous stannic 
chloride on the acid (LXXXIX). The semicarbazone of this cyclic 
ketone (XC) was reduced by the method of Wolff (153) to 1', 2', 3', 4'- 
tetrahydro-5,6-bcnzoretene (XCI). The latter was smoothly dehydro- 
genated by sulfur to 5,6-benzoretenc (XCII). 

When retene was treated with pyrotartaric anhydride in the presence of 
aluminum chloride, a-methyl-/3-6-retoylpropanoic acid (XCIII) resulted 
(5). Its structure was established by its synthesis from 6-w-bromoacetyl- 
retene (LXXXVI) and sodio-methylmalonic ester in a manner similar to 
that described above for /3-6-re toylpropanoic acid (LXXXVIII). The 
a-methyl-/8-6-retoylpropanoic acid (XCIII) from both syntheses was 
identical. It was reduced by means of the modified Clemmensen method 
to a-methyl-7-6-retylbutanoic acid (XCIV), which was cyclized by sulfuric 
acid to 1 -keto-2'-methyH',2',3',4'-tetrahydro-5,6-benzoretene (XCV). 
The ultimate goal is 2'-methyl-5,6-benzoretene. 

In the course of experimental work on the synthesis of 5,6-benzoretene 
(XCII), Adelson and Bogert (5) investigated an alternate route leading to 
this hydrocarbon. The method involved was a modification of the von 
Auwers and Moller (11) adaptation of the Bougault synthesis (36) as em- 
ployed by Fieser and Hershberg (58). Methyl 7-6-retylbutanoate (XCVI) 
was condensed with ethyl oxalate in the presence of sodium ethylate. 
The sodium salt of the reaction product was treated with 10 per cent 
sulfuric acid to yield the free keto ester (XCVII), which was subsequently 
cyclized by means of 3' ,4'-dihydro-5 , 6-benzoretene-l' , 2 7 -dicarboxylic 
acid anhydride (XCVIII). Dehydrogenation of the latter with sulfur 
gave 5, 6-benzoretene-l %2'-dicarboxylic acid anhydride (XCIX), which 
could not be successfully decarboxylated. 
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in the investigation of other natural products. This method was highly 
instrumental in the determination of the structures of the dicyclic ses- 
quiterpenes (CjsHj<), which have been found to yield either cadalene 
(CwHit,* 1 ,6-dimethyl-4-isopropylnaphthalene) or eudalene (CmH«; 
l-methyl-7-isopropylnaphthalene) (119, 123, 126). These two hydro- 
carbons, cadalene and eudalene, thus occupy key positions in relating the 
dicyclic sesquiterpenes and the naphthalene series. 

It has also been shown that the monocyclic terpenes, such as terpinene 
and limonene, give p-cymene upon dehydrogenation with sulfur (126). 
p-Cymene stands in the same relationship to the monocyclic terpenes and 
the benzene series as do eudalene and cadalene in the case of the dicyclic 
sesquiterpenes and the naphthalene series. 

It is highly probable that retene occupies a similar position in phenan- 
threne chemistry in relation to the diterpenes. Abietic add, which may 
be regarded as a diterpene type, yields retene when heated with sulfur. 
Unfortunately, in this instance the sulfur dehydrogenation has not proven 
to be as fruitful in elucidating the structure of the parent compound as in 
the case of the sesquiterpenes. It is possible that the recent work on 
hinokiol (92, 164) may throw additional light on the relationship between 
retene and diterpenes. 

B. Comparison of retene and phenanthrene 

Retene does not generally behave as one would expect a methyl isopropyl 
homolog of phenanthrene to behave. 

While retene itself yields only resinous products upon nitration, the 
nitration of phenanthrene in glacial acetic acid solution with diacetyl 
ortho nitric acid yields 9-nitrophenanthrene as the chief product, together 
with smaller amounts of the 2- and 4-nitro derivatives and a very small 
amount of the 3-nitro isomer (96, 130). 

Only one amino derivative of retene is known, 6-aminoretene (1). 
Aminophenanthrenes, prepared as in the case of 6-aminoretene by hy- 
drolysis of the product of the Beckmann rearrangement of the appropriate 
acetylphenanthrene oxime, have been synthesized where the amino group 
is at Ci, Ci, C», and C« (12, 112). 

No systematic work has been done on the halogen derivatives of retene. 
Perhaps the only definitely known retyl halide is 9(or 10)-chlororetene 
(98). 9-Bromophenanthrene is an easily accessible compound. Other 
phenanthryl halides (1-, 2-, and 3-chloro, -bromo, and -iodo) have been 
prepared by diazotization of the appropriate amines (13, 60). 

Sulfonation of retene gives acids with the sulfonic add group at Ci and 
Ci (61, 98). The isomers formed in largest amount on sulfonating phen- 
anthrene are the 2-sulfonic and the 3-sulfonic acids (the latter may also 
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be called the 6-sulfonic acid) ; the 1 -sulfonic and the 9-sulfonic acid are also 
known (56, 86, 129, 150). 

The acetylation of retene by means of the Friedel-Crafts reaction, using 
carbon bisulfide or nitrobenzene as the solvent, gives 6-acetylretene (1, 
32, 147). Under similar conditions phenanthrene is converted mainly into 
resinous products. If nitrobenzene is used as the solvent, 2- and 3- 
acetylphenanthrencs are obtained in good yield (110). 

In the presence of aluminum chloride, succinic anhydride and pyrotar- 
taric anhydride condense smoothly with retene in benzene solution and 
give exclusively products containing substituents in the 6-position (5). 
When condensed with phenanthrene in nitrobenzene solution, these an- 
hydrides yield principally the C 8 compounds (43, 79). In general, the 
results with phenanthrene indicate that C 3 (which may also be regarded 
as C 6 ) is particularly favored in the Friedel-Crafts reaction. 

6-Retenecarboxylic acid is most conveniently prepared by the action of 
alkaline iodine-potassium iodide solution on 6-acetylretene (1). The 2- 
and 3-carboxylic acids of phenanthrene are formed in quantitative yield 
by the action of aqueous sodium hypochlorite solution on the appropriate 
acetyl compound (110, 111). 

No retylaldehydes or retylnitriles are known. Distillation of potassium 
retene-G-sulfonate with potassium ferrocyanide in an attempt to prepare 
a nitrile gave no good product (61). 

The readily available phenanthrols, 2- and 3-phenanthrols, are prepared 
from the sulfonates (56). 2- and 6-Retenols are synthesized in similar 
fashion (61, 98). While other phenanthrols are known, namely, 1- 
phenanthrol (56, 109, 135), 4-phenanthrol (28), and 9-phenanthrol (40, 
44, 59, 71, 131, 134), the corresponding possible retenols are not known. 

From the foregoing it is evident that substitution in the retene molecule 
takes place with far less formation of isomers than in the case of phen- 
anthrene. Fieser and Young (61) state: “The alkyl groups (of retene) 
serve only to promote substitution at an adjacent position and thus to 
hinder the formation of a large number of isomers.” 
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At the semi-annual meetings of the American Chemical Society and on 
other occasions some of the Divisions of the Society, either alone or in 
collaboration with others, have organized symposia, the purpose of which 
has been the consideration of the advances in research in the several fields 
of their scope and the presentation of authoritative and critical summaries 
of those subjects which are important for the development of pure and 
applied chemistry. It may be said of the proteins, more than of any other 
group of compounds, that they are the essence of life, performing as they do 
in living organisms many important and diverse functions. In recent years 
data having to do with the nature and behavior of the proteins obtained by 
physical-chcmical observations as distinct from organic-chemical and 
biochemical methods have been accumulating rapidly, so that it seems a 
suitable time to attempt to coordinate the knowledge that has become 
available. The Divisions of Colloid Chemistry and of Physical and 
Inorganic Chemistry have united their efforts with this end in view. 

To study proteins as macromolecules, it is required first of all to learn 
about their mass, shape, and structure. This is accomplished by the use 
of experimental procedures such as surface films, surface potential differ- 
ences, sedimentation, diffusion, osmotic pressure, electrophoresis, viscosity, 
double refraction of flow, dispersion of dielectric constant, etc. The 
results arrived at through work along these lines are summarized by the 
participants in this Symposium. 

The chemist is interested in these substances because they have many, 
if not all, of the properties of molecules. The organic chemist considers 
their composition, which is derivable from a study of the hydrolytic 
decompositions. On the other hand, the physical and colloid chemist is 

1 This Symposium was held by the Division of Physical and Inorganic Chemistry 
and the Division of Colloid Chemistry at the Ninety-sixth Meeting of the American 
Chemical Society, held in Milwaukee, Wisconsin, September, 1938. 
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concerned with the molecular weight, molecular form, and solubility 
relationships, or in a few words, the behavior of these substances as 
macromolecules. In the reports to follow, the chief concern is the struc- 
ture and nature of the proteins regarded as physical-chemical units and 
not as organic compounds. 

In the opening paper Langmuir and Schaefer give an account of their 
recent important work with protein films. After a brief description of 
the methods used in the formation of the films, their structure is discussed 
in terms of such measureable properties as thickness, compressibility, 
insolubility, viscosity, plasticity, and anisotropy after shear or linear com- 
pression. Possible explanations are given for certain of these properties 
in terms of the Wrinch cyclol theory. In the concluding sections there 
are described some new aspects of the specific reactivities of urease, 
catalase, and pepsin monolayers. 

The extraordinary importance of solubility is universally recognized 
in chemistry. Recent progress has resulted because investigators are 
learning how to take into account forces of interaction between ions, 
dipole ions, and solvent molecules. Experimental and theoretical con- 
tributions of distinct merit in these directions have been made by the 
authors of the next two reports. On the experimental side of the subject, 
Cohn and his associates have provided data which are indispensable for 
the development of our subject. In the present report we find a discus- 
sion of the parameters in terms of which the structure of protein molecules 
may be described. Thus, detailed consideration is given to methods by 
which information is gained regarding the size and shape of protein mole- 
cules and by which the number and distribution of the electrically charged 
groups are determined. Extremely useful tables of certain physical con- 
stants for a number of proteins are appended. 

Theoretical work by Kirkwood has determined the course of many 
experiments in protein chemistry. Continuing his work in the statistical 
mechanics of liquid solutions, the present report reviews and extends the 
author’s work having to do with the electrical interaction of spherical 
dipolar ions and ordinary ions and extends the theory to give the limiting 
law for dipolar ions of elongated shape in solution with common electro- 
lytes. The theory is employed to determine from the solubility data the 
structure and dipole moments of simple dipolar ions. 

One of the most characteristic properties of proteins is denaturation. 
Although the term is used frequently, its exact meaning is still somewhat 
elusive. The situation has been greatly improved by recent theoretical 
work. Representative of it is the present contribution of Eyring and 
Steam, in which the process of denaturation is pictured as the simul- 
taneous breaking of a number of weak bonds in the protein molecule with 
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resulting loss of structure, i.e., a large increase in randomness. In this 
way solvent is eliminated and the solubility is decreased. Activation in 
denaturation comes from the breaking of these bridge bonds. 

The greatly improved technique of electrophoresis measurements due 
to Tisclius makes possible many important investigations in this field. 
Longsworth and Maclnnes describe several modifications which they 
have made in this apparatus and give a summary of the conditions neces- 
sary for a disturbance-free process. In an important part of their paper 
these authors have made a study of some of the boundary anomalies 
which occur, especially with the concentrated protein solutions with 
which one has to work in preparative investigations. 

With the desire to reduce to the absolute minimum the coBt of ultra- 
centrifugal analysis of protein and other systems, McBain is developing 
new types of “spinning top” ultracentrifuges. These are to be contrasted 
with the suspended rotor types of air turbine ultracentrifuges which have 
been developed by Beams, Wyckoff, and Bauer. In the new McBain 
opaque ultracentrifuges, sedimentation equilibrium and sedimentation 
velocity may be measured accurately by the application of chemical and 
biological methods after the ultracentrifugation, thus making optical 
accessories unnecessary. Methods of immobilization are considered, 
and typical results are cited. 

The isolation of certain of the virus proteins by Stanley several years 
ago was a remarkable achievement. It appears that at least some mem- 
bers of this group of substances are giant molecules of the nucleoprotein 
type. As such they have been characterized by physical methods. Lauf- 
fer and Stanley outline the results of this nature which have been obtained 
to date with the tobacco mosaic virus protein, and show how data regard- 
ing size and shape may be deduced from them. The results of ultrar 
filtration, x-ray diffraction, and sedimentation studies are in reasonably 
good agreement with one another. 

As Heidelberger remarks, the inclusion of studies on precipitin and 
agglutinin reactions in such a symposium as this might have occasioned 
considerable surprise a few years ago. However, one learns from his 
report that antigen-antibody reactions may follow quantitative equations 
which are derived from the mass law, assuming an initial bimolecular 
reaction followed by competing bimolecular reactions leading to large 
aggregates. Work of this type has led to the isolation and study of pure 
antibodies and has provided a new conception of the function of salts in 
these reactions. The molecular kinetic methods of investigation have 
proved to be useful in the characterization of the antibodies and in study- 
ing the nature of the product formed when toxin and antitoxin react. 

The Symposium is concluded with a report by Abramson, Gorin, and 
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Moyer on the polar groups of protein and amino acid surfaces in liquids. 
As indicated by electrical mobility and isoelectric point data, changes in 
the relative strength of acidic or basic radicals of organic ampholytes, such 
as proteins and amino acids, may or may not occur in surface formation, 
and such substances are classified on this basis. By means of the inter- 
ionic attraction theory, calculations are made for the electrical charge of 
proteins. The importance of these methods of approach to problems in 
biological systems is described. 

The breadth of the subject selected for this Symposium has proved to 
be a source of considerable difficulty, and it has been found impossible to 
include detailed discussions of such modes of attack as ultracentrifugal 
sedimentation and x-ray analysis which, after all, have perhaps given the 
most direct proofs of the existence of the protein molecule. Also, specu- 
lations on the constitution of the protein molecule based upon the amino 
acid composition are of utmost interest. For instance, Bergmann has 
postulated a general law expressing the constitution of the proteins as a 
function of the frequency of the occurrence of the several amino acids. 
The frequency values obtained from the analytical data and the total 
number of amino acid residues in the molecule are multiples of the powers 
two and three. These facts are entirely consistent with the grouping by 
Svedberg of protein molecules into definite molecular weight classes. 
Svedberg and Bergmann have presented comprehensive summaries of 
their work in recent volumes of Chemical Reviews. Unfortunately, neither 
of these scientists was available for this Symposium. 

However, it is felt that some success has rewarded our efforts to bring 
together investigators from representative laboratories, because the sum- 
maries produced are uniformly authoritative, at least reasonably compre- 
hensive, and highly suggestive. Some deal with selected physical-chemi- 
cal aspects of the subject, and others show how this information is being 
applied in biology, pathology, bacteriology, and other sciences. 

We acknowledge with thanks the cooperation of the Editorial Board 
of Chemical Reviews in making it possible to collect the proceedings of 
this Symposium in a single volume. 
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Many proteins, although soluble in water, may be spread on a cleaned 
water surface to form insoluble monomolecular films. Such films can then 
be studied in a number of different ways, either while they are still on the 
water surface or after they have been removed from the water by deposit- 
ing them on a metal or glass plate. 

Some of the properties, such as thickness, reversible compressibility, 
maximum ease of spreading at the isoelectric point, and insolubility, are 
quite similar for many proteins of widely different origins, molecular size, 
and chemical composition. On the other hand, monolayer viscosity and 
plasticity, anisotropy after shear or linear compression, specific reactivities, 
expansion patterns, contact angles, and sensitivity to the effect of pH are 
usually highly specific for particular proteins. 

METHODS OP FORMING MONOLAYERS 

Proteins may be spread as monolayers in several different ways. When 
the protein is dissolved in water, a surface monolayer forms spontaneously 
in less than a second if the solution contains about 0.1 per cent by weight 
of a protein such as insulin in distilled water at pH 5.8. The film thus 
formed has a thickness of about 8.5 A. after 1 min., since the process of 
spreading at an air-water interface proceeds with enough energy to build 
up a pressure of 8 dynes per centimeter in 1 min., 10 dynes in 5 min., and 
15 dynes in 15 min. Devaux has used this method (5) to study the con- 
centration of a protein solution as a function of the rate of formation of the 
monolayer. 

If the quantity of protein in solution is so small (about 0.1 mg. of protein 
in a tray with surface area of 200 cm. 2 ) that all of it spread on the water 
surface would produce five successive monolayers, then, in order to obtain 

1 Presented at the Symposium on the Physical Chemistry of the Proteins, held at 
Milwaukee, Wisconsin, September, 1938, under the auspices of the Division of 

Physical and Inorganic Chemistry and the Division of Colloid Chemistry of the 
American Chemical Society. 
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a monolayer of the protein, it is necessary either to wait for a long period 
of time or to increase the rate of diffusion by thoroughly stirring (14) the 
substrate. While this technique is quite convenient for reaction studies, 
the extreme care which must be exercised to prevent surface contamination 
from diluting the monolayer makes it a less desirable method for general 
studies of protein monolayers than other methods to be described. 

Gorter and Grendel (7) have shown that a dissolved protein may be 
spread as a monolayer by placing a micropipet in contact with a cleaned 
water surface and expelling about 50 mm,* of a 0.1 per cent protein solution 
from the pipet. If the protein is pure and the water adjusted to the iso- 
electric point, this amount of protein will produce a monolayer about 500 
cm. 2 in area. We have modified this method by using a nickel sheet about 
0.010 in. thick, as long as the width of the tray and as wide as its depth. 
The protein to be used is spread on this band from a micropipet and the 
band is lowered at a uniform rate through the cleaned water surface. We 
believe that this method is particularly efficient when the protein used is 
of the egg albumin type, which forms a gel-like monolayer. The pressure 
which is built up during formation of such a monolayer retards the rate of 
formation somewhat, so that it is quite possible for some of the solution to 
be dispersed into the substrate. When the protein solution is introduced 
as a uniform strip across the tray, the spreading proceeds very efficiently 
on the surface of the upflow of water which follows the lowering of the band. 

Still another method of producing good protein monolayers is that 
developed by Hughes and Rideal (8), who placed a weighed amount of 
dried protein on the water surface. This method is limited, however, to 
those proteins which readily spread while in the dried form. Many pro- 
teins, such as the globulins, casein, zein, and lactalbumin, to mention a 
few, spread poorly or not at all when applied in this manner. 

Water-soluble proteins produce thick layers, which are visible by inter- 
ference colors, on the surface of a salt solution (16). A portion of this 
compact film can then be transferred as a B-layer on a clean nickel plate 
of known dimensions to another trough containing water at the isoelectric 
point of the protein, and a monolayer can be formed. This method 
should be particularly useful as a micromethod for purifying and studying 
proteins which are not available in quantity. 

THICKNESS OF PROTEIN MONOLAYERS 

Many investigators have shown (6, 19) that the thickness of a protein 
monolayer, as calculated from the area covered by a weighed amount of 
protein, is of the order of 10 A. This calculation can only be approximate, 
since it assumes that all the protein used has spread to produce the 
monolayer. 
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By depositing the protein monolayer on a barium stearate step-plate 
and measuring its optical thickness (4) it is possible to check the calculated 
thickness’derived from its force-area curve and thus find the efficiency of 
the spreading technique. 

Since different values of pH affect the area of a protein monolayer when 
identical amounts and methods of spreading are used, changes in observed 
area as large as ten to one have been interpreted by some investigators as 
indicating that the protein monolayer becomes thicker as the area de- 
creases. That this is not the case is easily shown by optical measurements 
of the thickness of deposited monolayers. 

Experiments with pepsin (Northrup’s crystalline) spread on water 
having its pH adjusted to a series of different values have given the results 
shown in table 1 . The data of the third column, which give areas per milli- 
gram of applied protein (calculated by linear extrapolation to F — 0) 

TABLE 1 


Effect of pH on the area of a pepsin monolayer spread on a water surface 


PH 

F - 16.fi DTN1B 

CM."’ 1 

▲bba. ran 

MILLIGRAM 
BXTBAPOLATXD 
TO F «■ 0 

AMOUKT UMO 

▲MOUNT 

GALCULATBD 

id - 1.3) 

RBCOVBBT 


A. 

square meters 

milligrams 

milligrams 

percent 

2.0 

16. 


0.0416 

0.0382 

92 

2.6 

16. 


0.040 


94 

3.0 

16. 


0.0118 

IB 

93 

4.2 

16. 

0.570 

0.040 

msm 

82 

6.8 

16. 

0.095 

0.034 



7.0 

16. 

0.001 

0.200 

MEM 
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show, in accord with Gorter’s findings, that the maximum spreading occurs 
near the isoelectric point, pH 2.6. At high pH the area becomes very 
small. The thickness of the monolayer, as .determined after deposition 
on to a barium stearate plate, remains constant within the accuracy of the 
measurements. 

The total amount of protein in the monolayer (column 5) has been 
calculated by multiplying the thickness of the dry deposited protein film 
by its density, assumed to be 1.30, and multiplying this product by the 
total area of the monolayer on the water. By comparing this with the 
amount applied to the surface (column 4) we have obtained the percentage 
recovery as given in the last column. 

FORCE-AREA CURVES 

The force-area curves for monolayers of proteins obtained by Gorter 
and others (6, 18, 19) have shown high compressibilities, but, in general, 
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attention has not been directed to the differences between particular 
proteins. 

Using a surface balance we have determined force-area curves for 
several proteins as shown in figure 1. The films of insulin, pepsin, and 
ovalbumin were spread from 0.1 per cent aqueous solutions by our band 
method, while the wheat gliadin was spread from a 0.1 per cent solution in 
70 per cent alcohol using Gorter’s method. The pepsin monolayer was 

F 

Dyntf/cmr' 



Fig. 1. Typical force-area curves obtained with protein monolayers. Abscissas 
calculated from measured thickness of deposited monolayers. 

formed on water having its pH adjusted to 2.0 by hydrochloric acid, but the 
others were on distilled water, pH 5.8. 

The weight of protein in each monolayer (used in calculating the ab- 
scissas in figure 1) was obtained from a measurement of the optical thick- 
ness of a pair of layers deposited at F — 16.5 dynes per centimeter 
(dehydrous AB-film), taking the density to be 1.30. With pepsin, oval- 
bumin, and insulin the weights of the monolayers found in this way were 
about 95 per cent of the amounts applied to the surface, but with wheat 
gliadin only 70 per cent was found on the surface. 
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The curves for pepsin and ovalbumin resemble one another closely but 
differ widely from those of insulin and wheat gliadin. 

REVERSIBLE COMPRESSIBILITY OP PROTEIN MONOLAYERS 

One of the outstanding similarities between protein monolayers spread 
on a water surface is the high reversible compressibility of the films. > Even 
after being subjected to a momentary decrease in area of 80 percent, 
involving a surface pressure of more than 35 dynes per centimeter, an 
insulin monolayer reexpands to show a complete recovery of its original 



Fig. 2. Reversible compressibility of a casein monolayer. The abscissas repre- 
sent areas per milligram of protein applied to the surface. 

area at F = 4 dynes per centimeter. When a film is exposed to this high 
pressure for several minutes, the recovery is not complete, showing that a 
permanent change or collapse has occurred. 

The force-area curve of a casein monolayer given in figure 2 was obtained 
from a series of five successive runs in each of which the surface pressure, F, 
was increased from 1 dyne per centimeter up to a limit indicated in figure 2. 
The lower portion of each of the curves obtained in this way coincided 
with the measurements in the previous runs. Thus within the time needed 
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Fig. 3. Reversibility of the compression of a wheat gliadin monolayer between 
5 and 25 dynes per centimeter. 



Fig. 4. Irreversible effects observed with a wheat gliadin monolayer at low sur- 
face pressures. 
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for these measurements there was no appreciable collapse or solution of the 
monolayer. 

The abscissas for the curve in figure 2 are expressed in terms of the 
weights of protein actually applied to the surface. Optical measurements 
of the thickness of a monolayer deposited at F = 16 dynes per centimeter 
gave 17A., which corresponds to 0.45 square meter per milligram) while 
the curve shown in the figure gives for this value of F an abscissa of 0.28. 
Thus to obtain a force-area curve comparable to figure 1 expressed in 
terms of area per milligram of protein actually present in the monolayer, 
all the abscissas in figure 2 should be multiplied by 1.60. 

Figures 3 and 4 give the results of similar experiments with monolayers 
of wheat gliadin. The abscissas represent areas per milligram of applied 
protein. The points marked by circles in figure 3 were measured at suc- 
cessively increasing values of F up to 25 dynes per centimeter. Upon 
lowering the pressure to F — 5, the film expanded to the same area as was 
previously observed at this pressure, showing complete reversibility over 
this range. Some later experiments were made to test an alleged anoma- 
lous behavior of gliadin films at very low pressures (18). The force-area 
curves of figure 4, which represent measurements at intervals of 1 dyne 
per centimeter, show that the lower part of the curve is distinctly modified 
by previous compression of the film to pressures even as low as 10 or 15 
dynes per centimeter. Since this effect is limited to the portion of the 
curve below 5 dynes per centimeter, this result is not incompatible with the 
reversibility indicated by the data of figure 3. 

INSOLUBILITY OF PROTEIN MONOLAYERS 

It is remarkable that, although many proteins are very soluble in water, 
the monolayers formed from them are extraordinarily insoluble. Thus a 
radical change in structure must occur during the spreading. Substances 
form insoluble monolayers on a water surface only if the surfaces of their 
molecules have both hydrophilic and hydrophobic parts (9). 

Traube (23) showed that the solubilities of adsorbed films of substances 
containing hydrophobic groups increased by a factor of 3 upon the removal 
of each successive CHt group from the molecule. This was interpreted (9) 
as an effect of the decrease of surface energy that occurs when CH S groups 
occupy positions in the air-water interface. 

The high solubilities in water of such proteins as ovalbumin and pepsin 
prove that the surfaces of the molecules of these substances contain very 
few hydrophobic groups. The hydrophobic groups that are responsible , 
for the insolubility of the monolayers must therefore be buried in the in- 
terior of the globular molecule of the soluble protein. 
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The solubility of any adsorbed film, such as a monolayer on a water 
surface, must theoretically increase if the film is subjected to a surface 
pressure. The rate of increase can be calculated by the Gibbs equation 


d F 
d In c 


= ckT 


( 1 ) 


where c is the concentration of the dissolved substance in the solution, 
a represents the number of molecules in the adsorbed film per square 
centimeter, T is the absolute temperature, and k is the Boltzmann constant, 
1.37 X 10~ 16 ergs per degree. 

In the case of condensed films of fatty acids for which a = 5 X 10 M 
molecules per square centimeter, the solubility should thus increase about 
fivefold for an increase of 30 dynes per centimeter in the value of F . On 
the other hand, with a protein of molecular weight of 35,000, the number 
of molecules per unit area is only about one three-hundredth as great as 
for the fatty acid, so that there should be a millionfold increase in solubility 
for each increment of pressure of 1 dyne per centimeter (13a). According 
to this theory the surface pressure of 25 dynes per centimeter, which was 
applied to the protein monolayers in the experiments illustrated in figures 
2 and 3, should have caused an increase in solubility by a factor of 10 1B0 . 
Actually, however, the complete recovery of the area upon removal of the 
pressure showed that there was no measurable solubility even at these 
high pressures. We must therefore conclude that the formation of the 
monolayer by the unfolding of the globular molecules is an irreversible 
process to which Gibbs* equation would not apply. 

On the basis of studies (10, 11, 12) of the forces that determine solu- 
bilities, volatilities, and surface tensions of liquids, it has been calculated 
(13a) that the presence of hydrophobic groups equivalent to about three 
hundred CH* radicals in each protein molecule would be sufficient to 
account for the observed insolubility of protein monolayers. 


VISCOSITY OF PROTEIN MONOLAYERS 

Among the measurable properties of a protein monolayer is its viscosity. 
This property may be expressed in qualitative terms or in absolute c.g.s. 
units according to the procedure followed. 

A very simple method which serves to classify the monolayer into one 
of three general classes has been described recently (20). It involves the 
formation of the protein monolayer, followed by the expansion of its central 
region with a spreading oil which reveals the degree of cohesion by which 
the units in the monolayer are joined to each other. The greatest differ- 
ence found among monolayers of different proteins occurs when they are 
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under low surface compression of the order of 0.5 to 1 dyne per centimeter. 
The three general patterns observed have been termed star-like, rough 
circular, and smooth circular. These types are illustrated in figure 5. 
The star-like pattern expands to form geometrical figures, sometimes as 



Fig 5 General types of expansion patterns: a, btai-like (egg albumin); h, nmgh 
cuculai (papain), e, smooth cireulai (insulin) 


TABLE 2 

Absolute viscosities of piotetn monolayers 
M = 131 8, I) » 4 5, pH * 5 8, T =■ 25°C\; t « about 31 see 





y IN GRAMS PER SEC ON I 


PROTEIN 

V - 2 

F - <> 

F - 10 

F = 1(..5 

F » 19 


dynes 

dynes 

dynes 

dynes 

dynes 

Casein 

0 0030 

0 010 

0 015 

0 1 

12 

Edestin 

5 

26 

52 



Egg albumin 

0 15 

0 28 




diadin* 

0 001 

0 003 

0 01 

0 8 


dunlin acetate 

0 001 

0 007 

0 016 



Hemoglobin 

0 021 

0 12 

0 37 



Horse globulin 

120 

210 

340 



Insulin 

0 004 

0 028 

0 10 



Papain 

0 08 

0 18 

0 38 



Pepsin 

0 68 

0 75 

| 15 

150 


Pepsinogen 

0 110 

0 17 

*0 46 



Tobacco seed globulin 

0 018 

| 0 20 

0 36 

140 


Trypsin 

0 000 

0 23 

0 07 



Tiypsinogen 

0 40 

1 0 

5 5 

! 


Zein 

0 003 

0 003 

0 003, 

i 



* At pll - 7.2. 


a conventional five-pointed star but at times with points ranging in number 
from three to six or more. The star-like form at F = 2 dynes ranges in 
viscosity from 0.024 to 120 e.o.s. units. Proteins having this form are 
egg albumin, pepsin, or tobacco seed globulin. 

The rough circular pattern shows a circular internal outline which upon 
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close examination discloses an irregular or roughened edge at the boundary 
of the oil and the protein. The viscosity range of this form is from 0.009 
to 0.081 c.G.B. units at F m 2 dynes for those investigated. Typical 
proteins of this type are trypsin, papain, and wheat gliadin (when the 
latter is spread in its dry form). 

The smooth circular type shows a circular internal pattern with the 
oil-protein boundary perfectly regular and smooth. Such patterns are 
found with insulin, casein, and zein, and denatured proteins and have a 
viscosity range at F = 2 dynes of 0.001 to 0.004 c.g.s. units. 

The viscosity of monolayers of all types can be determined quantitatively 
by a relatively simple method previously described (14). Table 2 gives 
a summary of viscosities of a number of proteins measured under definite 
degrees of compression. These data are presented primarily to indicate 
the interesting ranges existing in protein monolayers. More detailed 
work is planned to investigate the importance of pH, temperature, method 
of spreading monolayers, and the effect of various modifications to the 
native protein which occur when it is subjected to heat, acid, ultraviolet 
irradiation, shaking, and other methods of “denaturation”. We have 
shown qualitatively (20) that a large change in viscosity occurs when a 
protein such as pepsin is subjected to any of these agents. 

In general, proteins producing monolayers having smooth and rough 
circular expansion patterns may be investigated by the oscillation method. 
This involves the measurement of the decrease in amplitude of the succes- 
sive swings of a disk lying in the surface of the water in contact with the 
monolayer and suspended at the end of a calibrated fiber. The disk is 
provided with a bracket upon which is placed a rod having a known 
moment of inertia. The fiber is given an initial displacement by the tor- 
sion head, and the decrease in amplitude of the disk is noted. Figure 6 
shows typical curves obtained by this method. 

While the viscosity of a few of the proteins showing the star-like expan- 
sion pattern may be measured by the method just referred to, most of 
them have such high viscosities as to necessitate the use of the aperiodic 
method. This uses the same viscosimeter but involves the comparison 
of the relative movement of the suspended disk in contact with the mono- 
layer with the initial displacement of the torsion head as a function of 
elapsed time. In this method the rod used to give a known moment of 
inertia to the system is removed. Figure 7 shows a series of curves ob- 
tained in this way at F — 10 dynes per centimeter. 

THE VISCOSITIES OF MONOLAYERS OF LIPO-PROTEIN COMBINATIONS 

Schulman and Bideal (21) have described experiments which show a 
very interesting interaction between a protein and a lipoid substance. 
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Using a mixture of cholesterol and wheat gliadin on water at pH 7.2 in a 
ratio of one part of cholesterol to four parts of protein, they demonstrated 
that at a critical pressure the protein was apparently squeezed out of the 
monolayer on the surface into the substrate and that certain properties of 
the surface layer were altered if this critical pressure were exceeded. 

A wheat gliadin monolayer at low pressures is liquid, but as it is com- 
pressed it changes from a liquid to a gel-like solid. Cholesterol, on the 
other hand, is a liquid film under all compressions up to 30 dynes per 
centimeter. Schulman and Rideal showed that as the complex film of 
lipo-protein was compressed it resembled the protein monolayer, but at a 
critical pressure of about 22 dynes per centimeter the film suddenly lique- 
fied and on further compression resembled the cholesterol film. This 


TABLE 3 

Absolute viscosities of protein, lipo-protein, and lipoid films 
M - 131.8; D - 4.5; pH - 7.2; T - 25°C.; t - about 34 sec. 


CHOLBS- 

OLIADXN 

Ms IN GRAMS PXR SECOND 

TIROL 

F - 2 

F- 10 

F - 16.5 

F - 19 

. 

F « 29.5 

F - 16.5 

i 

s 

F « 29.5 

parts by 
weight 

parte by 
weight 









i 

0 

0.002* 

0.002 

0.019 

0.002 

0.002 




i 

2 

0.002 

0.02 

0.04 

0.04 

0.002 




i 

4 

0.001 

0.001 

0.76 

0.16 

0.05 


0.49 

0.04 

i 

8 

0.002 

0.002 

0.36 

0.06 

0.02 

0.36 



i 

16 

0.006 

0.006 

0.18 

0.85 

1.25 




0 

1 

0.001 

0.01 

0.83 


54. 





Measurements of viscosities were made in successive order as shown. 
* The low values of n. are uncertain within about ±0.005. 


sequence was shown to be reversible; if the surface pressure were lowered, 
the liquid film showed a re-gelation at the same critical pressure. 

We have repeated these experiments with rough quantitative determina- 
tions of viscosity, varying the ratio of gliadin to cholesterol over a wide 
range, and have thus obtained the data given in table 3. 

A monolayer of pure cholesterol, which is relatively incompressible, 
has a low viscosity even at a high surface pressure, but the viscosity of a 
gliadin monolayer undergoes a very rapid increase at pressures above 10 
dynes per centimeter. The viscosities of the mixed films rise to a broad 
maximum between 15 and 20 dynes per centimeter and fall to low values 
at F — 30. This effect is most marked with the 1 :4 mixture, but even as 
little as one part of cholesterol to sixteen parts of gliadin produces a very 
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great decrease in viscosity at high pressures, the cholesterol apparently 
acting as a lubricant within the gliadin monolayer. 

ANISOTROPY IN PROTEIN MONOLAYERS 

When a monolayer of a protein such as egg albumin, urease, casein or 
edestin is compressed for a few minutes by a motion of a barrier which 
raises the pressure to about 35 dynes per centimeter, so that some collapse 
occurs, a permanent anisotropic condition is produced which can be demon- 
strated in several ways. 

Thus if the pressure is lowered to about 20 dynes per centimeter, the 
monolayer can be split into parallel sheets by using a concentrated oxidized 
oil. These molecular strips can be lifted from the surface of the water by 
placing a glass rod or similar article underneath one end and Blowly raising 
it through the water surface. The strips come off as fibers which are almost 
invisible. Fibers can also be removed by simply inserting the rod into a 
compressed film of these proteins and slowly raising it through the surface. 
When this is done, the fiber always comes off parallel to the barrier which 
has compressed the monolayer. Not all protein monolayers under com- 
pression show this property. Insulin, for example, when cracked with 
indicator oil breaks into small segments which will not produce fibers. 

The fact that the insulin expansion pattern is reversible and shows a 
smooth circular pattern at F *= 2, a star-like pattern at F ■» 25, and a 
smooth circular pattern again when the pressure is lowered suggests that 
its structure differs in important features from that of the fiber-forming pro- 
teins. Casein, for example, which is characterized by a circular pattern 
and a viscosity lower than that of insulin at F == 2, has a fibrous structure at 
F = 30. When the pressure is decreased, the expansion pattern shows 
that the casein now has a coherent gel-like structure, even at F =* 2. 

By cutting a portion of the spread monolayer into various shapes, such 
as a square, rectangle, circle, etc., we can study the effect of the presence 
or absence of anisotropy under compression. The fragments are made 
with a wire about 0.015 in. in diameter which, after being cleaned in a 
Bunsen flame, is coated with indicator oil. The wire is lowered through 
the monolayer, and the compression is decreased. As the oil spreads, the 
monolayer is sharply outlined. Any inequality produced by the initial 
compression is immediately indicated by a distortion of the original 
configuration. These experiments are best performed with -a suitably 
illuminated trough having a black bottom (20). 

A protein monolayer on water when compressed equally in all directions 
by an indicator oil or piston oil shrinks uniformly toward its geometrical 
center and is isotropic. Thus, the piston oil applied at one end of the 
monolayer is found not only at this end but also along both sides of the 
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tray. Because of this phenomenon, we make a practice of applying com- 
pression by placing the piston or indicator oil in one comer of the tray. 
This produces a uniformly compressed, rectangular monolayer having oil 
on only two sides. 

INDICATOR AND PISTON OILS USED FOR STUDYING MONOLAYERS 

We have often referred to indicator and piston oils as convenient tools 
in the study of monolayers. Dr. K. B. Blodgett (1) has described the 
method for preparing and using highly oxidized oil. For most experiments 
it is quite practical to use old automobile crank-case oil. Fresh oil is not 
satisfactory. The sludge in the oil may be removed by filtering or settling. 
The oxidized oil when diluted with a non-spreading oil such as Petrolatum 
or Nujol will produce stable films of uniform thickness, which in certain 
mixtures will show interference colors. 

A sample of used oil was placed on a cleaned water surface and spread 
at F = 0 to produce a film which, viewed at approximately 45°, showed a 
faint silver-grey color. The addition of an equal amount of Petrolatum 
produced a film having a faint yellow color of the first order. When two 
parts of Petrolatum to one of oxidized oil were blended, the resulting color 
was a dark yellow of the first order; three parts of Petrolatum and one of 
oxidized oil produced a first-order blue. Four parts of Petrolatum to one 
of oxidized oil resulted in a yellow again, and with a five-to-one ratio red 
was produced, these colors being of the second order. 

When an indicator oil, which will spread on clean water if unrestricted 
to give a dark yellow, first-order color, is limited in area, the color produced 
by the increase in thickness will be related to the decrease in area. In 
order to decrease the area, it is necessary to exert a definite amount of 
pressure on the oil film. If a trough equipped with a surface balance is 
used, it is quite easy to calibrate a given oil sample in terms of color ob- 
served for pressure exerted on the floating barrier. This has been done 
with various samples of oils which we use to illustrate the possible ranges 
of pressure. These are given in table 4. Although such oils are fairly 
stable if protected from light, they should be checked occasionally for 
changes which might occur. 

With a series of oils such as those indicated in table 4, we have a very 
convenient and simple method for producing compressions up to 30 dynes 
per centimeter upon a monolayer spread on water. 

To complete the series a few piston oils, such as those given in table 5, 
may be used. These are purified by shaking a good grade of commercial 
oil with activated fuller’s earth or similar substance at about 100°C. The 
oils may then be clarified by centrifuging or allowing the fuller’s earth to 
settle. These oils have the property of spreading as liquid monolayers, 
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the excess oil forming lenses which serve as reservoirs and produce a con* 
stant, known pressure upon anything floating on the water surface. 

Indicator oil used in conjunction with piston oil can be used in many 
ways other than those suggested. 

TABLE 4 

The relation of the color of oxidized oil to the pressure exerted against a monolayer 

on water 


F IN DYNES PER CENTIMETER 


i - 45* 

Oxidised 

oil 

Oxidised lubricating oil diluted with 
petrolatum 

Crank- 
case oil 

Invisible 

0-5 







Silver-grey 

11. 

0 . 





2-5 

Light yellow 

14. 

3. 





7. 

Dark yellow 

15. 

5. 

0 . 




8.5 

Red-brown 

15.5 

7. 

2.5 




9.5 

Blue 

16.0 

8. 

4. 

0 . 



10.5 

Blue-green 


9. 

5. 

2. 

0 . 


11.2 

Yellow 

17.0 

9.5 

6. 

3.5 


0 . 

11.8 

Red 

18. 

10.5 

7. 

5. 

2. 

1 . 

12.5 

Blue 

18. 


8. 

6. 

3. 

2. 

13.0 

Green 

18. 

11. 

8.2 

6.5 

3.3 

3.0 

13.5 

Red 

18. 

12.5 

9.5 

7. 

5. 

4.5 

14.5 

Green 


13.5 

10.0 

8.5 

6.0 

5.2 

15.0 

Red 


13.7 

10.5 

9.0 

7.0 


15.5 

Green 



11.2 

9.5 



16. 

Visible lens 

20-30 

20-30 

15. 

13.5 

12. 

12. 

20-30 


TABLE 5 


Force exerted by piston oils spread on a water surface 


PIBTON OIL 


F IN DYNES PER 
CENTIMETER 


Tricresyl phosphate 

Rape seed oil 

Castor oil 

Neatsfoot oil 

Oleic acid 


9.5 

10.5 

16.5 
19.0 

29.5 


DEPOSITION OF MONOLAYERS 

In determining the thickness of protein monolayers several precautions 
must be observed. Since most proteins undergoing compression develop 
considerable rigidity, the monolayer does not flow at a uniform rate toward 
the plate upon which it is to be deposited. This difficulty can be overcome 
by using a plate of the same width as the monolayer. Since it is not 
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convenient to produce a step-plate of this size, we use chromium-plated 
steel plates of two sizes. One plate is made as wide as the tray (allowing 
1-mm. clearance on either side), and the other plate is of a convenient size 
(5 cm. x 2 cm. x 1 mm.). The former is held by a small permanent magnet 
of sufficient strength to cause the prepared plate to adhere firmly to the 
side of the larger plate. Glass or a non-magnetic metal could also be used 
for the larger plate. 

We prefer to produce the initial compression by using a calibrated 
indicator oil. This spreads and outlines the boundary of the protein 
monolayer; it also prevents the invisible piston oil from contaminating 
the monolayer. The indicator oil is then compressed to a force approach- 
ing that of the piston oil to be used. The piston oil is added and drives 
the protein monolayer on to the prepared plate (2, 3, 4), where it is de- 
posited as a hydrous AB-film (17). When monolayers are to be deposited 
at pressures higher than F = 16 dynes, concentrated oxidized lubricating 
oil may be used as the indicator oil. This, no matter how highly com- 
pressed, can be seen either as a colored film or as a line of visible oil. 

A monolayer in contact with a film spread from a specific sample of 
calibrated ‘indicator oil will be under a definite compression directly related 
to the color of the oil film (see table 4). If the color is held constant, 
the monolayer may be deposited as a hydrous AB-film. To do this, the 
synchronous movement of the surface barrier compressing the film and the 
dipping plate is necessary. 

A monolayer may also be deposited by lowering the prepared plate face 
downward upon the top surface of the protein monolayer. A film so 
deposited has been termed a lifted film, symbolized by A L . Best results 
are obtained if one corner of the prepared plate, held almost parallel to 
and about 1 mm. from the film surface, is touched to the monolayer. In 
this way the formation of an air bubble between the prepared plate and 
the monolayer is prevented. After the monolayer is deposited, the sur- 
rounding film is scraped away, and the face of the plate, now bearing the 
deposited A-layer, is raised through the cleaned surface. Care must be 
exercised that the edges of the plate are free from surface-active materials. 
This is easily checked by noting any change in color of the indicator oil 
before and after the film is deposited. The deposition of an A L -film is 
particularly applicable to the deposition of films under low compression, 
since no surface movement of the monolayer is necessary. 

THE SURFACES OF PROTEIN MONOLAYERS 

In a previous paper (17) data were given which showed certain relation- 
ships found when successive protein monolayers were deposited on a 
prepared plate. Using our improved optical method of measuring incre- 
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ments of thickness, we have repeated these experiments with monolayers 
of insulin (Lilly). 

PRAAA-layers were deposited by spreading a monolayer on the water 
surface, applying pressure, and then lowering a prepared step-plate bearing 
a multilayer of barium stearate into the water. The protein monolayer 
was deposited on the down trip. Before the plate bearing the deposited 
monolayer was withdrawn through the cleaned water surface, the remain- 
ing film on the water was scraped off. This process was repeated for each 
succeeding layer added. 

Successive PRBBB-layers are deposited by a reversal of the above- 
described process. The plate is lowered through a cleaned water surface, 
a protein monolayer spread on the surface, compressed, and deposited as 
the plate is withdrawn from the water. PRABAB-layere are deposited 
in a manner similar to that used in building ordinary barium stearate multi- 
layers. However, the water between the two layers must be allowed to 
evaporate before the next pair is deposited, otherwise the B-layer returns 
to the water surface. 

We first thought it necessary to condition the monolayer with divalent 
salts in order to prevent the return of the B-layer to the water as successive 
AB-layers were deposited. We have since found that protein monolayers 
can be built without this conditioning step by increasing the speed of the 
down trip to about 30 cm. per second. 

The observed thicknesses show that with a surface pressure of F ■= 16.5 
dynes per centimeter the PRABAB-layers increased 22 A. each trip, an 
average increment of 1 1 A. per layer. The PRAA combination showed an 
increase of 10 A. per layer for the first three trips, with no further increase 
thereafter. Each layer of the PRBB combination gained 10 A. for each 
trip made ; there appeared no limit in this case to the number which could be 
deposited. 

When a multilayer of insulin consisting of successive dehydrous AB- 
layers is slowly lowered into the water, the outer B-layer returns to the 
water surface. If this layer is scraped off, the plate withdrawn and dried, 
the multilayer shows the loss of a single layer. If this process is repeated 
the second time, the multilayer when dried shows the loss of two additional 
layers. This may be continued until all the pairs of BA-layers are stripped 
off successively down to the PRA protein monolayer. This layer cannot be 
removed in the manner described. Each of these BA-layere consists of 
two monolayers which are held together by contact between their hy- 
drophobic surfaces. On the other hand a pair of monolayers that form 
an AB-layer are joined by their hydrophilic surfaces. Apparently the 
penetration of water between the hydrophilic surfaces within the AB- 
layers accounts for the manner in which the multilayer was stripped from 
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the plate as BA-layers and not in the AB combination in which they 
were applied. 

“Breath figures’ 1 produced when moist air is brought into contact with 
a slightly chilled slide bearing deposited monolayers show certain striking 
differences between protein layers deposited in various ways. 

If we breathe upon a chilled chromium-plated surface, which has pre- 
viously been polished with Shamva and is therefore hydrophilic, we find 
that moisture condenses as a fine fog-like deposit consisting of minute drops 
which scatter light strongly but give no interference colors. A quite 
similar fog-like deposit is produced when one breathes upon deposited films 
of insulin of the following types: PRA, PRB, PRAAA, and PRABABA. 
It appears, therefore, that these films act as if the outside surface were 
hydrophilic. 

From the orientation of the hydrophobic and hydrophilic groups in the 
protein monolayer on the water surface before deposition, one would expect 
an A-layer to be exotropic (13), that is, it should have its hydrophilic 
groups turned outward (away from the plate). Similar considerations 
would indicate that B-layers should be endotropic, having their hydrophilic 
groups turned inwards (toward the plate). 

The fact that the PRB-films are found to act as though they have 
hydrophilic surfaces is presumably accounted for (13) by the overturning 
of the layer which occurs because the underlying hydrophobic R-layer 
tends to anchor the hydrophobic parts of the B-layer and so makes it 
easy for the hydrophilic parts to come into contact with water when this 
is condensed on the surface. 

Films of the type PRABAB and PRBBB, when breathed upon, give an 
entirely different kind of breath figure. At first sight there appears to be no 
breath figure at all, since there is no fog-like deposit which scatters light. 
Closer examination, however, shows that the surface gives bright interference 
colors which indicate the presence of a uniform film of water of thickness 
even greater than the wave length of light. Evidently the water condenses 
as a thick film under the B-layer that forms the surface of the film, the 
phenomenon being very similar to that observed when the outside B-layer 
is stripped off of a PRABAB-film by dipping this slowly into water. The 
formation of these thick uniform condensates is therefore not incompatible 
with an endotropic orientation of the B-layer. 

These experiments seem to indicate definitely that B-layers and A-layers 
normally retain the dorsiventral character of the protein monolayer on 
water, so that the outer surface of an A-layer tends to be hydrophilic 
while that of a B-layer is hydrophobic. In the case of the PRB-films, 
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however, the phenomenon is complicated by the overturning which may 
occur if the films are not suitably anchored by the underlying layers. 

REACTIVITY OP PROTEIN MONOLAYERS 

A previous paper (15) has discussed the reactivity of certain proteins 
when spread as monolayers. We concluded that in the case of pepsin the 
process of spreading the protein as a monolayer and depositing it on a plate 
did not seriously interfere with its ability to clot milk. We found, how- 


TABLE 6 

A ctivilies of ureast. monolayers 
T *» 25°C.; citrate buffer; pH — 6.5 


DABS 

TTPB 

F 

THXCKNBBB 

UBBABB 
UNITSf 
PBB Q BAM 

UBBABB 
UNITS PBB 
SQUABS 
CBNTI- 
MBTBB 

UBBABB 

UNITS PBB 
ORAM IN 
SOLUTION 



dynes 

A. 




PR 

Al 

1 . 

16 

11,100 

0.0023 


PR 

Al 

10.5 

17 

9,100 

0.0020 


PR 

Al 

16.5 

31 

2,400 

0.0010 


PR 

Al 

29.5 

49 

2,700 

0.0016 


PR 

Al 

1 . 

22 

10,100 

0.0023 


PR 

Al 

1 . 

21 

7,330 

0.0016 

800 

PRC (thorium desoxycholate). 

Al 

1 . 

18 

5,200 

0.0013 

0 

PRC (thorium desoxycholate). 

Al 

29 

21* 

16,800 

0.0041 

0 

(same film, second dip) .... 

Al 

29 


16,800 

0.0041 

16,800 

PRC (ThOg) 

S 


15 

2,000 

0.0004 



* This observed thickness is 28 A. less than that observed on a PR barium stearate 


film. 

t A urease unit is defined as that amount of urease which will form from urea 
phosphate 1 mg. of nitrogen at 20°C. and at pH 7 'in 5 min. 

Nitrogen was determined with Nessler’s reagent. 


ever, that the monolayer left the plate, being removed presumably by 
something in the milk, since washing with distilled water or a buffered 
solution failed to remove it. A resynthesis of the pepsin, as the protein 
leaves the slide, is suggested as having occurred. 

A few preliminary qualitative results were also announced concerning 
the enzyme urease. Further quantitative work (13a) has indicated that al- 
though the monolayer shows the ability to convert urea into ammonia it 
has an efficiency in urease units (22) of only 5 per cent when compared to 
that of a similar amount added in bulk to a urea solution. Examination 
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of the monolayer shows that considerably more light is scattered from the 
surface of a deposited urease monolayer than from one of insulin or pepsin 
applied under the same conditions. Thus it is possible that the observed 
activity is due primarily to entrapped globular molecules of the urease 
which have not been broken down into a monolayer. This possibility is 
further strengthened by the fact that a monolayer left on water for 15 min. 
(a period which should produce greater spreading if there were entrapped 
unspread globular molecules) shows less than 2 per cent activity. Table 
6 contains some of the quantitative data obtained. 

It will be noted that as a result of the quantitative measurements which 
we have made with the urease monolayers our previous conclusions must 
be modified, particularly those concerning the effect of conditioned surfaces 
on the activity of urease. These data indicate that the monolayer is less 
firmly held by the thorium desoxycholatc surface than by the barium 
stearate surface and therefore becomes detached from the slide and diffuses 
into the urea solution. This is shown by the observed decrease in thickness 
of the monolayer as well as by the continuation of urea conversion after 
the monolayer is removed. Our previous technique would not have dis- 
closed this condition. 

Further work is planned with particular attention to the amount of light 
scattered by single monolayers and the loss of activity with aging of the 
monolayer on the water surface. 

When a monolayer of catalase is spread on a water surface, transferred 
to a plate and immersed into a solution of hydrogen peroxide, oxygen 
accumulates on the surface of the monolayer as visible bubbles of gas 1 
mm. or more in diameter. When the slide is withdrawn from the solution, 
both the bubbles and the catalase monolayer beneath each bubble 
disappear. 

A monolayer of catalase deposited as an A L -layer at F = 1 dyne per 
centimeter was auite hydrophilic and after a thorough washing was found 
to be about 23 A. thick. After rewetting, by dipping through a cleaned 
water surface, the plate bearing the monolayer was dipped into a 3 per cent 
hydrogen peroxide solution. After the bubbles of oxygen had become 
about 1 mm: in diameter the plate was agitated to remove the bubbles and 
permit new ones to form. After this was done four times the bubbles 
stopped forming. The plate after removal from the solution was found to 
be relatively hydrophobic, with the bubble locations visible as regions of 
decreased thickness. 

When a catalase monolayer was deposited on top of a barium stearate 
step-plate conditioned with thorium desoxycholate and treated in the man- 
ner just described, an interesting difference was observed. As the bubbles 
started forming, they left the surface of the monolayer before reaching 



PROTEIN MONOLAYERS 


201 


one-quarter the size of those formed on a catalase monolayer deposited on 
barium stearate. As far as could be determined, the total activity of the 
film before the evolution of oxygen stopped (a period of about 15 min.) 
was of the same order of magnitude, — roughly 700 cc. of oxygen per 
milligram or 0.2 cc. of oxygen per square centimeter of monolayer. 

Further work is planned to determine whether in the case of catalase as 
with urease the activity of the monolayer is possibly due to unspread 
molecules enmeshed in the fabric of the spread monolayer. 

STRUCTURE OP PROTEIN MONOLAYERS 

The solubility and other properties of the globular proteins, together 
with the insolubility and irreversible formation of the monolayers, indicate 
that the globular proteins have a symmetrical, highly organized cage-like 
structure which breaks down or unfolds during this spreading process, 
permitting the hydrophobic groups to come into contact with the air-water 
interface. 

A study of the properties of several long-chain polymers, such as methyl 
methacrylate and polyvinyl acetate, has shown that the force-area curves, 
the expansion patterns, and the viscosities of these monolayers resemble 
closely those given by proteins. The monolayers of some of these polymers 
when compressed become anisotropic and yield fibers much like those 
observed with egg albumin. 

Protein monolayers thus consist mainly of polypeptide chains which are 
anchored to the air-water interface at intervals along their length by 
hydrophobic groups contained in the side chains (13a). The structure is 
like that of a net made to float on the surface of water by corks distributed 
over the surface of the net. The hydrophilic parts of the polypeptide 
chains remain in contact with and are surrounded by water but are not 
free to go far from the surface because they form parts of chains attached 
to the surface. The hydrophobic groups by. their Brownian movement 
tend to distribute themselves over the surface like the molecules of a two- 
dimensional gas, but this expansion is constrained by the elastic properties 
of the long chains which result from the flexibility of the chain (17a). 

The marked insolubility of the protein monolayers even under high 
compression results from the great length of the polypeptide chains in the 
monolayers. The incomplete reversibility shown in the force-area curve 
of a wheat gliadin monolayer at low compressions, figure 4, may be ex- 
plained by the presence of a small proportion of relatively short-chain 
degradation products produced during the spreading of the protein, which 
are driven into solution by subjecting the film to a high pressure. We plan 
to study this phenomenon with films given by more strongly denatured 
proteins. 
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The dorsiventral properties of protein monolayers shown in our studies 
of deposited films indicate that the deposited monolayers resemble a fabric. 
Cross-linkages which give to the monolayer this fabric-like character may 
be due to the adherence between hydrophobic groups or may involve the 
cyclol bonds which have been postulated in the structure of the globular 
protein (25). 

Quantitative studies of viscosities, compressibilities, elasticities, etc. of 
protein monolayers should help greatly to throw more light not only on the 
structure of monolayers themselves but also on that of the globular proteins 
from which they are derived. 


REFERENCES 

(1) Blodgett, K. B.: J. Optical Soc. Am. 24, 313 (1934). 

(2) Blodgett, K. B.: J. Am. Chem. Soc. 67, 1007 (1935). 

(3) Blodgett, K. B.: J. Phys. Chem. 41, 975 (1937). 

(4) Blodoett, K. B., and Langmuir, I.: Phys. Rev. 61, 964 (1937). 

(5) Devaux, II.: Compt. rend. 200, 1560 (1935). 

(6) Gobter, E. : Proc. Acad. Sci. Amsterdam 37, 788 (1934). 

(7) Gobter, E., and Grendel, F.: Trans. Faraday Soc. 22, 477 (1926). 

(8) Hughes, E., and Rideal, E. K.: Proc. Roy. Soc. (London) A137, 62 (1932). 

(9) Langmuir, I.: J. Am. Chem. Soc. 39, 1848 (1917). 

(10) Langmuir, I.: Colloid Symposium Monograph 3, 48 (1925). The Chemical 

Catalog Co., Inc., New York (1925). 

(11) Langmuir, I.: Colloid Chemistry, edited by J. Alexander, p. 536. The Chemi- 

cal Catalog Co., Inc., New York (1926). 

(12) Langmuir, I.: Chem. Rev. 6, 451 (1929). 

(13) Langmuir, I.: Science 87, 493 (1938). 

(13a) Langmuir, I.: Cold Spring Harbor Symposia Quant. Biol. 6, 171 (1938); 
see also pages 136 and 186. 

(14) Langmuir, I., and Schaefer, V. J.: J. Am. Chem. Soc. 69, 2400 (1937). 

(15) Langmuir, I., and Schaefer, V. J.: J. Am. Chem. Soc. 60, 1351 (1938). 

(16) Langmuir, I., and Schaefer, V. J.: J. Am. Chem. Soc. 60, 2803 (1938). 

(17) Langmuir, I., Schaefer, V. J., and Wrinch, D. W.: Science 86, 76 (1937). 
(17a) Mark, H.: Nature 141, 670 (1938). 

(18) Mitchell, J. S.: Trans. Faraday Soc. 33, 1129 (1937). 

(19) Philippi, G. T.: On the Nature of Proteins. Noord Hollandsche Uitgever- 

smaatschappij, Amsterdam, Holland (1936). 

(20) Schaefer, V. J.: J. Phys. Chem. 42, 1089 (1938). 

(21) Schulman, J. H., and Rideal, E. K. : Proc. Roy. Soc. (London) B122, 46 (1937). 

(22) Sumner, J. B.: J. Biol. Chem. 69, 435 (1926). 

(23) Traube, J.: Ann. Physik266, 27 (1891). 

(24) Wrinch, D. M.: Proc. Roy. Soc. (London) A161, 505 (1937). 

(26) Wrinch, D. M. : Phil. Mag. 26, 705 (1938). 

(26) Wrinch, D. M., and Langmuir, I.: J. Am. Chem. Soc. 60, 2247 (1938). 



SOME PHYSICAL-CHEMICAL CHARACTERISTICS OF 
PROTEIN MOLECULES 1 * * 

EDWIN J. COHN 

Department of Physical Chemistry , Harvard Medical School , Boston , Massachusetts 

Received January SO, 1989 
I. INTRODUCTION 

The importance of developing an adequate chemistry of the proteins 
has, perhaps, never been doubted. These vast molecules could not, how- 
ever, be adequately described by the methods available to earlier genera- 
tions. The analytical chemistry of the early part of the 19th century 
accurately revealed, it is true, their elementary composition. A century 
ago Liebig and Mulder knew that proteins were rich in nitrogen, and 
contained, besides carbon, hydrogen, and oxygen, small amounts of sulfur 
and of phosphorus. A few characteristic analyses of this period are worth 
republishing (see table 1). 

The elementary composition of most proteins was thus early estimated 
to be so nearly alike as not to suggest the vast chemical and biological 
differences that can be ascribed to the different molecules of this group. 
Only the analyses for sulfur and phosphorus showed wide variations from 
protein to protein and led to the controversy as to whether these elements 
were indeed part of the protein molecule. No sulfur-containing amino 
acid had been isolated from a protein hydrolysate* in 1838, but Mulder 

1 Presented at the Symposium on the Physical Chemistry of the Proteins, held at 
Milwaukee, Wisconsin, September, 1938, under the auspices of the Division of 
Physical and Inorganic Chemistry and the Division of Colloid Chemistry of the 
American Chemical Society. 

* The points of view developed in this communication have in part been derived 
from the discussions held in our seminar. I am therefore indebted to George Scat- 
chard, John G. Kirkwood, and John D. Ferry for considering with us intermolecular 
forces; to Hans Mueller, Jeffries Wyman, Jr., J. L. Oncley, John D. Ferry, and J. 
Shack for considering dielectric constant measurements and their interpretation ; to 
John T. Edsall and John W. Mehl for considering diffusion, viscosity, and double 
refraction of flow; to Ronald M. Ferry and A. A. Green for considering electromotive 
force and electrophoretic mobility; to Norval F. Burk for considering osmotic pres- 
sure; to J. L. Oncley and Jacinto Steinhardt for considering sedimentation methods 
of determining molecular weight; and to T. L. McMeekin and Jesse P. Greenstein 
for considering the amino acid composition of the proteins. 

* Wollaston (158) discovered cystine in 1810, but it was not isolated from a protein 
until eighty years later (81, 97). 
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calculated that on the basis of the analyses for sulfur and phosphorus in 
table 1, and the atomic weights in use at the time, that the molecular 
weights of these proteins would be over 50,000. 

The isolation of the amino acids from the hydrolysates of proteins 
occupied the attention of the great organic chemists of the 19th and the 
early 20th centuries. Something over twenty amino acids are now recog- 


TABLE 1 

Elementary composition of proteins 


COMPOSITION 

PBOTBIN 

FORMULA 

MOLEC- 

ULAR 

C 

H 

N 

0 

s 

Fe 

P 

C 

H 

N 

O S Fe P 

WEIGHT 


According to Mulder in 1838* (99) 


64.56 

6.90 

15.72 

22.13 

0.36 


0.33 

Fibrin 

400 

620 

100 

120 

1 


1 

55,692 

54.48 

7.01 

15.70 

22.00 

0.38 


0.43 

Egg albumin 

400 

620 

100 

120 

1 


1 

55,692 

54.84 

7.09 

15.82 

21,23 

0.68 


0.33 

Serum albu- 

400 

620 

100 

120 

2 


1 

55,893 








min 










According to Osborne in 1902f (111) 


52.75 

7.10 

15.51 

m 

1.616 



Egg albumin 

696 

1125 

175 


8 



15,703 

55.23 

7.26 

16.13 

n 

iWTCi 



Zein 

736 

1161 

184 


3 



15,993 

52.72 

6.86 

17.66 

21.73 




Gliadin 

685 


196 

211 

5 



15,568 

52.99 

7.01 

15.93 

22.14 




Serum albu- 

662 

Bilal 

171 

vm 

9 



14,989 








mint 









54.64 

faroil 

17.38 



0.335 


Hemoglobin t 

758 

1181 

vm 

vm 

2 

1 


16,655 

54.57 

7.11 

16.38 

3E 

s 

filEsTii 


Hemoglobin§ 

758 

1185 

195 

219 

3 

1 


16,667 

52.68 

6.83 

16.91 

22.48 

RV 



Fibrin 

645 

mm 

178 

vm 

5 



14,708 

51.50 


18.69 

21.91 

23 



Edestin 

624 


193 

199 

4 



14,523 

53.13 


15.78 

22.37 

m 


im 

Casein 

gg 

0 

gg 

224 

4 


4 

15,982 


* For a critical study see Laskowsky (Ann. 68, 129 (1846)). 
t Osborne quotes the earlier literature in this paper. See, also, Osborne: The 
Vegetable Proteins, 2nd edition, Longmans, Green and Co. (1924). 
t Of the horse. 

§ Of the dog. 


nized to be constituents of protein molecules, as a result of investigations 
of Kossel (76), Ehrlich (40), Emil Fischer (51), Dakin (36), and most 
recently of Mueller (98), Rose (120), and Van Slyke (147). Not all 
proteins contain all known amino acids, and the proportion in which these 
substances occur varies widely in different proteins. Certain of the 
amino acids are indispensable for nutrition; certain of them play an im- 
portant rdle in immunity. Special significance attaches to the sulfur- 
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containing acids, methionine and cysteine; to the hydroxyl-containing 
amino acids, serine, threonine, hydroxyproline, and hydroxyglutamic acid, 
which can form ester linkages with acids; to the phenolic hydroxyl groups 
of tyrosine; to the hexone bases, histidine, arginine, and lysine, which as 
free amino acids combine two acid equivalents; and to the dicarboxylic 
amino acids, aspartic, glutamic, and hydroxyglutamic, which can com- 
bine with two equivalents of base per mole when not present as amides. 

The characteristic groups of the amino acids must be considered largely 
responsible for the behavior of the proteins, but the arrangement of these 
groups, and therefore the structural chemistry of the proteins, cannot yet 
be considered completely apprehended: The work of Hofmeister and of 
Emil Fischer leaves no doubt that the amino acids are combined with each 
other through the peptide linkage. Not all amino acids when bound in 
peptide linkage are therefore possessed of free amino groups, and not all 
are possessed of free carboxyl groups, but only those which are trivalent, 
that is, which have more than one basic, or more than one carboxylic, 
group. Only the a-amino and carboxyl groups of amino acids are bound 
in peptide linkage; the side-chain groups — the imidazole, amide, hydroxyl, 
sulftiydryl, and phenolic groups— are free and give rise to the reactive 
properties of proteins. The backbone of the protein is presumably that 
of the peptide chain, with side chains constituting either (1) non-polar 
hydrocarbon chains, as in alanine, valine, or leucine, ($) imidazole groups, 
as in histidine, (3) indole groups, as in tryptophane, (4) benzene rings, as 
in phenylalanine and tyrosine, or (o) strongly polar guanidine, amino, 
hydroxyl, or carboxyl groups. Regardless of the nature of the side 
chains, the distance separating them hi the stretched peptide is always 
the same, since it depends only upon the distance of separation between 
carbon and carbon or carbon and nitrogen atoms. The 3.6 A. distance 
separating side chains is the salient repeating line in x-ray analyses of 
stretched proteins as of peptides. In the c#ise of peptides in solution, 
however, it has been demonstrated that there is free rotation around 
carbon-carbon and carbon-nitrogen bonds. The distances separating 
the reactive groups may therefore be smaller than 3.5 A. and not much 
greater than those calculable from a statistical treatment of probable 
positions on the basis of free rotation (31 , 44, 79, 163). 

The elementary composition and the densities of proteins are essentially 
those that could be calculated from the amino acid residues in the molecule. 
The numbers of free groups and paraffin side chains of proteins could also 
be calculated, given the amino acid compositions. The amino acid compo- 
sitions of many proteins may now be considered known, at least as a first 
approximation. The spatial relations of the free groups to each other 
could be revealed by organic chemistry, provided more were known regard- 
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ing the configuration of the peptide chain in the intact protein. Although 
various theories have been advanced (159), certain knowledge is still 
lacking regarding the internal structure of proteins. Meanwhile many 
physical-chemical methods have become available, in terms of which 
much can be ascertained regarding the size and shape of the molecule and 
the number and nature of their reactive groups as well as something 
regarding their spatial distribution. 

II. SIZE AND SHAPE OP THE PROTEIN MOLECULE 

The large size of the protein molecule was suspected long before accurate 
methods were available for the determination of molecular weights. 
Many membranes, both natural and artificial, were known to be im- 
permeable to given proteins, and their sizes could be approximaled from 
the dimensions of the pores of the membranes. Proteins diffuse slowly, 
and their molecular weights have been estimated from the rate of diffusion. 
In fields of force many times that of gravity, they can be centrifuged and 
their molecular weights calculated from the rate of sedimentation. Al-» 
though the protein molecules are too large — and therefore present in too 
small concentration — to have significant effects upon vapor pressure or 
freezing point, their molecular weights can be estimated from measure- 
ments of osmotic pressure, under conditions such that membranes are 
impermeable to the protein but not to the small concentration of impuri- 
ties from the last traces of which they are freed with difficulty. Oriented 
by virtue of asymmetry of shape, or of electrical charge, their times of 
relaxation to random distribution can be determined; and the relaxation 
time, like the rate of diffusion and of sedimentation, is a function of the 
size and shape of the molecule. 

Analytical methods and the minimal molecular weight 

Any accurate determination of a constituent of a protein — provided the 
protein preparation is pure and of uniform composition— may be em- 
ployed in calculating the smallest weight that can be ascribed to this 
protein if it contains 1 gram-atom or gram-molecule of this component. 
Thus the early determinations of the iron content of hemoglobin led to 
the calculation that the molecular weight of this respiratory protein could 
not be smaller than 16,670 if it contained 1 gram-atom of iron. The 
iron is present in the prosthetic porphyrin group, heme, and it fol- 
lowed therefore that if hemoglobin contained 2 gram-atoms of iron, 
its molecular weight would be 33,340; if 4 gram-atoms of iron, 
66,680. The minimal molecular weight does not, of course, reveal whether 
all the molecules in solution are of the same size, or what the average 
molecular weight is if the protein is not monodisperse, even though the 
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different molecular species have identical composition. If, however, the 
protein is of uniform composition, the true molecular weight must be a 
multiple of the minimal molecular weight calculated from any component. 

Only a few proteins contain iron, but most proteins contain sulfur. 
Moreover the sulfur present is of two kinds, as was clearly understood by 
the analytical chemists of the 19th century such as Schultz (122), Kriiger 
(77), and T. B. Osborne (111). Kriiger was the first to present accurate 
analytical data for the total and the alkali-labile sulfur. Moreover, he 
pointed out that for egg albumin and for fibrin the ratio of total sulfur 
to labile sulfur was, respectively, 4 : 1 and 3 : l 4 (77). The sulfide or labile 
sulfur therefore represents an integral fraction of the total sulfur. Osborne 
(111) in 1902 estimated, on the basis of the results in table 1, that the 
minimal molecular weights of many proteins were in the neighborhood of 
15,000 to 30,000, — estimates borne out by recent physicochemical studies. 

At the beginning of this century there were no satisfactory analytical 
methods for determining cystine, and the other sulfur-containing amino 
acid thus far isolated from a protein hydrolysate, methionine, had not 
been discovered (98). That part of the total sulfur which is not alkali- 
labile would appear to represent methionine on the basis of the best 
analytical measurements at present available (see table 2). 

The analyses of the earlier investigators for both total sulfur and alkali- 
labile sulfur have recently been confirmed for many proteins (10, 17) 
(table 2). The determination of alkali-labile sulfur is in some cases equal 
to, in others slightly in excess of, the amount of cystine, or cysteine, esti- 
mated to be present. The discrepancy, in the case of the analysis of 
certain proteins, between alkali -labile sulfur and the sulfur present as 
cystine or cysteine may represent another tiiioamino acid, but it may also 
represent destruction of cystine during hydrolysis (11, 73, 72). Certainly 
with few exceptions alkali-labile sulfur is now accounted for as cystine 
(table 2). 

Analyses for those amino acids generally present in proteins in small 
amounts have also been used in the estimation of the minimal molecular 
weights of the proteins (14, 22, 33). Tryptophane, tyrosine, methionine, 
and cystine, and occasionally also histidine and arginine, have been par- 
ticularly useful in this connection, since the analytical methods for their 
determination are most readily susceptible of being placed on a firm 
quantitative basis. Improvement in the specificity and the accuracy of 
analytical methods and in the purity of protein preparations may ulti- 
mately be expected to lead to minimal molecular weights and therefore to 

4 That these are characteristic ratios for the occurrence of amino acids in proteins 
has since been demonstrated repeatedly (14, 15). 
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Sulfur and sulfide sulfur— The earlier literature has been considered by Osborne 
(111) and in our first study of minimal molecular weights (33). The more recent 
studies on labile sulfur, the results of which are in many cases in excellent agreement 
with Osborne’s values, are by Clarke and bis associates (17, 164), Baernstein (10), 
and Bailey (11). The relation between total sulfur and cystine sulfur in insulin 
has been considered by Miller and du Vigneaud (95). Assuming thirty-six atoms of 
sulfur per mole of insulin leads to a molecular weight of 34,488. The cystine analysis 
suggests that most if not all of the sulfur of insulin is sulfide sulfur. 

The new analyses of Blumenthal and Clarke, giving 0.22 per cent of alkali-labile 
sulfur in zein , are in excellent agreement with Osborne’s data. Baernstein’s value 
of 0.99 per cent for the total sulfur in gliadin is in good agreement with Osborne’s 
early value, but Bailey (11) reports a higher result, 1.19 per cent. Blumenthal and 
Clarke’s result of 0.09 per cent for the alkali-labile sulfur of casein is far lower than 
Osborne’s value of 0.76, which is in better agreement with Baernstein’s value of 
0.80 per cent (10) and Kassel and Brand’s value of 0.78 per cent (73). The analyses 
for sulfur of rabbit myosin are due to Bailey (11, 12). Osborne’s early value for the 
sulfur in edeslin t 0.88 per cent, is slightly lower than the values 0.93 reported by 
Bailey (11), 0.97 reported by Kassel and Brand (73), and 0.99 reported by Baernstein 
( 10 ). 

Cystine. — The earlier literature, including the work of Folin and Sullivan and their 
associates, is summarized in table 19 of reference 28. Since then Sullivan has modi- 
fied his procedure, and Vickery and White (150) have considered the cystine yielded 
by proteins, as have Baernstein (8) and Bailey (11). The higher value given for 
egg albumin is from Cal very (22). The cystine content in insulin is from Miller and 
du Vigneaud (95). The value 0.91 per cent for zein is from Vickery and White (150) 
and is intermediate between the earlier values quoted (28). Vickery and White’s 
average value for gliadin is lower than most values in the literature, but 2.5 per cent 
is in good agreement with the previous values, although the value is high and is 
higher than the value 2.40 per cent, which has also been reported (11, 28, 150). The 
cystine determination on horse hemoglobin is by Vickery and White (150). Hewitt 
reports a cystine content of 5.80 per cent for serum albumin (64), a value inter- 
mediate between Sullivan’s early value of 5.71 per cent (134) and Folin and Marenzi’s 
value of 6.02 per cent (53). The early literature on the cystine content of casein is 
consistent with a large number of values falling between 0.22 and 0.30 per cent (28). 
Vickery and White’s new determinations fall within the same limits, 0.20 and 0.24 
per cent. There thus appears to be a discrepancy between the sulfide sulfur and the 
cystine analyses. This determination renders difficult the estimation of the molecu- 
lar weight in the neighborhood of 33,000 as demanded by osmotic pressure in urea. 
Vickery and White (150) have made a large number of analyses on the cystine in 
edestin and their results, which are not far from those of Sullivan and of Folin and 
Marenzi (28*), give an average of 1.25 per cent. Baernstein’s values range from 1.14 
to 1.36 per cent. 

Methionine— The methods for determining the per cent of methionine in proteins 
and the values obtained have been considered by Baernstein (9, 10,), Blumen- 
thal and Clarke (17), Bailey (11), and Kassel and Brand (73), and have been reviewed 
by Toennis (144). In the case of zein Baernstein (9) reports values varying from 
2.25 to 2.58 per cent, depending upon the source of the preparation and the method 
of analysis. His value for gliadin is far higher than Bailey’s. Baernstein (9) reports 
a value of 3.53 per cent for a casein preparation the origin of which he does not give. 
One supplied by 11. A. Gortner had a methionine content of 3.36 per cent and one by 
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D. B. Jones a methionine oontent of 3.25 per cent, whereas a Harris preparation, 
studied by the volatile iodide method by Baernstein (9), had a value of 3.21 per 
cent and by Kassel and Brand (73) a value of 3.2 per cent. The methionine values 
for edestin, as reported by Baernstein, Bailey, and Kassel and Brand, all run between 
2.3 and 2.4 per eent. 

Tryptophane and tyrosine .—' The earlier literature, including the work of Folin and 
his collaborators and of Linderstr0m-Lang on casein, has previously been summa- 
rised (table 19 of reference 28). Not included in this summary are studies on egg 
albumin by Calvery (22), whose estimate for tryptophane is 1.28 per cent and for 
tyrosine 4.21 per cent, and on insulin by du Vigneaud (151). 

On the basis of the tryptophane estimates of a number of investigators the molecu 
lar weight of zein would have to be many times that observed both by osmotic pres- 
sure and ultracentrifugal measurements. No more than 0.2 per cent tryptophane 
has ever been reported for zein, and a large number of investigators report that sein 
contains no tryptophane. 

The fractions of gliadin separated by Haugaard and Johnson (62), although con- 
stant in their histidine content, which was close to that reported by Van Slyke (145), 
vary appreciably in the percentage of certain other of the residues studied. Their 
least soluble fraction, IV, had a tryptophane content of 1.08 per cent, in excellent 
agreement with a number of previous determinations (28, page 861). The trypto- 
phane contents of their other fractions were greater than of their fraction IV, and 
greater the greater the solubility and the greater the acid-insoluble humin nitrogen, 
reaching a value of 1.82 per cent, or four residues in a 41,000 molecular weight frac- 
tion. Conversely, the tyrosine content of their least soluble fraction was highest, 
3.02 per cent, and close to that given by Looney (87), 3.04 per cent. 

The tryptophane content of casein has repeatedly been studied ; most results fall 
between 1.4 and 1.6 per cent, the higher value being due to Linderstr0m-Lang (84). 
The values for tyrosine reported have been too discrepant to consider. The trypto- 
phane results reported for edeslxn generally range from 1.45 to 1.56 per cent and for 
tyrosine from 4.53 to 4.58 per cent (28). 

The tryptophane content reported by early workers for serum albumin was always 
high, perhaps because of the difficulties in purification, since serum albumin can be 
separated into a number of crystalline fractions of different solubility (131), different 
dipole moment (49), different carbohydrate content (64, 131), and different trypto- 
phane content. Fflrth and Lieben (56) reported 1 .3 per cent, and Hunter and Borsook 
(69) 1.79 per cent of tryptophane recovered from serum albumin. Folin and Marenzi 
(53) studied a preparation of serum albumin that had been recrystallized from five 
to seven times in thiB laboratory and found 0.52 and 0.53 per cent of tryptophane in 
the fractions studied. More recently Hewitt (64) has studied a serum albumin 
recrystallized twelve times and obtained a value just half of that reported by Folin 
and Marenzi l53), namely, 0.26 per cent. 

Although tryptophane appears to be a variable in the various fractions of serum 
albumin, the tyrosine content would appear to be invariant. Hunter and Borsook 
(69) reported 4.63 per cent, Folin and Marenzi (53) 4.66 and 4.67 per cent, and Hew- 
itt’s crystalbumin preparation yielded 4.79 per cent. Assuming a molecular weight 
of 73,000 and eighteen tyrosine residues leads to a value of 4.47 per cent tyrosine per 
mole, which is rather lower than that observed. On the basis of eighteen tyrosine 
residues, these results thus suggest a molecular weight of between 68,000 and 70,000 
rather than 73,000. 
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Osmotic pressure . — Sorensen estimated the molecular weight of egg albumin as 

34.000 (130); this value was confirmed by Burk and Greenberg (20) in aqueous solu- 
tion and by them and Huang and Wu (66) in isoelectric urea solutions. Marrack 
and Hewitt (89) estimated the molecular weight to be 43,000 at 37°C., but Nichols 
(105) attributes this higher value to the presence of aggregating material. 

Burk (19) has estimated the molecular weight of zeinjas 39,000 in alcohol-water mix- 
tures and 37,000 in urea. I am indebted to Dr. Burk for recalculating the former value, 
correcting for deviations from the ideal solution law and for the Donnan effect; 
the value so obtained was 39,000. Burk has also estimated the molecular weight of 
gliadin as being 41,000 in alcohol-water mixtures and 44,200 in urea (19). Adair (1, 2) 
estimates the molecular weight of hemoglobin to be 67,000 in aqueous solution, but 
Burk and Greenberg (20) and Wu and Yang (160) (for hemoglobin of the horse but 
not of the cow) found a value approximately half of this, namely, 34,300, in urea 
solution. Adair and Robinson’s (4) estimate for the molecular weight of serum 
albumin is 72,000, that of Burk (18) 74,600, that of Roche and Marquet (119) 69,000; 
that of Sorensen, as corrected by Burk (18) and by Adair and Robinson (4) for meas- 
urements in 5 per cent ammonium sulfate solution, is 76,300. Burk and Greenberg 
(20) give the molecular weight of casein in urea solution as 33,600 and of edestin in 
this solvent as 49,000 (20). The molecular weight of myosin is of the order of one 
million (153). According to Weber, who has also studied the molecular weight of 
myosin in urea solution (154) with the method of osmotic pressure, myosin is not so 
large in this solvent and has a molecular weight of close to 100,000. 

Ultracentrifuge . — The new values for egg albumin from Upsala are 43,800 with the 
sedimentation and 40,500 with the equilibrium ultracentrifuge. We are indebted 
to Professor Svedberg for informing us of the unpublished results of Pedersen (116; 
also (82). Williams and Watson (157) have studied the molecular weight of egg 
albumin in urea solution and report a molecular weight in this solvent of approxi- 
mately 21,000. The sedimentation value for insulin is 40,900 and the equilibrium 
centrifuge value 35,100 (127). The sedimentation value for zein is 35,000 (152), for 
gliadin 26,000 (6), and for the carboxyhemoglobin of the horse 69,000. The estimate 
by means of the equilibrium ultracentrifuge for the latter protein is 68,000. The 
sedimentation value for horse serum albumin is 70,200 and the value from the equi- 
librium centrifuge is 66,900 (102, 116). Svedberg, Carpenter, and Carpenter (136) 
find that within the limits of experimental error the acid-alcohol soluble portion 
of casein was homogeneous with regard to molecular weight and that therefore it 
probably was a pure chemical individual. The molecular weight was found to be 

375.000 db 11,000 (137), though Hammarsten casein as a whole was found to consist 
of protein molecules of different molecular weight. Svedberg, Carpenter, and 
Carpenter later examined casein prepared by the method of Van Slyke and Baker 
(146) and found that the bulk of the crude casein prepared by this method had a 
molecular weight between 75,000 and 100,000 (137, page 710). The new value from 
sedimentation and diffusion for the molecular weight of edestin is 309,000, or approxi- 
mately six times the weight reported from the osmotic pressure in urea. 

true molecular weights of very great accuracy. 5 This is especially true 
of the beautiful new methods being developed by Bergmann (14). 

5 In the case of smaller molecules physical-chemical methods, such as boiling 
points and freezing points, yield the number of times the empirical formula weight 
must be multiplied to give the true molecular weight. 
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Analytical methods which enable a distinction to be made between 
— SS — and — SH groups in the intact protein have also been developed in 
recent years (69, 66, 80, 96), and it would appear that reagents such as 
urea and guanidine, which bring about changes in molecular weights of 
certain proteins, in many cases also influence these configurations. Here, 
too, the simultaneous use of analytical and physicochemical methods 
may well lead to significant advances in our understanding of the structure 
of the protein molecule. 

Osmotic pressure methods and the average molecular weight 

Measurements of osmotic pressure yield the average molecular weight, 
provided adequate correction is made ( 1 ) for the unequal distribution of 
ions across the membrane due to the Lionnan equilibrium and (#) for the 
osmotic coefficients of the protein in the solution. In practice the Donnan 
effect is largely eliminated by carrying out the osmotic pressure measure- 
ments not far from the isoelectric point in salt solutions, generally in buffer 
solutions. But osmotic coefficients deviate appreciably from unity at 
finite protein concentration, and molecular weights estimated from osmotic 
pressure measurements therefore involve extrapolation from a scries of 
measurements in which protein concentration is varied. If pH is also 
varied, so that the protein has a net charge, the osmotic pressure increases 
with the valence of the protein ion, and estimation of the molecular weight 
under these circumstances is still more complicated. 

Although Htifner and Gansser (67) attempted to determine the molecular 
weight of hemoglobin by means of osmotic pressure measurements, it 
remained for Sorensen (130) adequately to consider the correction neces- 
sary for the interpretations of such measurements if they were to yield 
molecular weights. His study of egg albumin, published just twenty-one 
years ago, marked a turning point in protein chemistry and suggested that 
the molecular weight of this protein was in the neighborhood of 34,000. 
Sorensen has since studied other proteins, and at least two other investi- 
gators, Adair (1, 2) and Burk (18, 19, 20), have made large numbers of 
adequate studies of molecular weights of proteins under a variety of 
conditions by the osmotic pressure method. The disadvantage of the 
osmotic pressure method is that at best it can yield only an average molec- 
ular weight; its advantage is that it is a thermodynamic measurement, 
dependent only on the number of particles in solution and not on their 
shape. 6 

* As we shall subsequently see, the activity coefficient, and therefore the osmotic 
coefficient due to the interaction of protein and electrolyte, are presumably functions 
of the valence of the latter and of the size and shape and electric moments of the 
former. The form of th<** extrapolation for the determination of osmotic pressure 
may thus also reflect the shape of the protein molecule. 
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In the course of osmotic pressure measurements Burk and Greenberg 
(20) noted in 1929 that the molecular weight of horse hemoglobin in con- 
centrated urea solution, instead of being in the neighborhood of 66,680, as 
in aqueous solution, was half this value, or in the neighborhood of 33,340. 
This observation, confirmed by Wu (160) for the hemoglobin of the horse 
but not of the cow, and by Steinhardt (133) in studies at Upsala by means 
of the ultracentrifuge, has since been extended to a variety of other pro- 
teins, many of which are broken down into molecules of smaller size in 
the presence of this solvent (18, 19, 66, 1 54, 157) . A series of other solvents, 
including other amides, but also guanidine, certain amino acids, and pro- 
teins (91, 113, 115), also possess this property and open a new chapter in 
protein chemistry. Whether or not these changes in molecular weight 
are to be considered as “dissociations” or as destruction of “aggregation,” 
and whether or not they are reversible and therefore reveal the state of 
the native protein, they suggest that certain of the forces binding vast 
protein molecules together are different from others, and thus they add 
greatly to our knowledge regarding the structure of the proteins. 

Sedimentation methods and the molecular weight 

If the molecular weights of proteins were as large as analytical and 
osmotic pressure measurements suggested, it followed that they would be 
sedimented from solution by sufficiently great centrifugal forces. It re- 
mained for Svedberg (140) in 1926 to develop in the ultracentrifuge a tool 
adequate to the task. This most important tool, the various improve- 
ments it has undergone, and many of the results that have been obtained 
with it, as well as the equations employed in the calculation of molecular 
weights from ultracentrifugal measurements, have been reported in two 
previous contributions to this Journal by Svedberg (135). 

The great strides made possible by this development depend in no small 
part upon the optical systems devised, which render it possible to dis- 
tinguish more than one boundary and therefore more than one sedimenta- 
tion rate, and thus to determine the molecular weight of more than one 
component in solutions that are not monodisperse, that is, that consist of 
proteins of more than one size. Thus far the method has been used largely 
to prove that the protein preparations under investigation consisted of 
molecules uniform with respect to size and to determine the molecular 
weights of the various proteins in certain natural fluids, such as milk (114) 
and the blood of certain invertebrates (42, 139). The fact that not only 
solvents, such as urea and arginine, but also certain proteins may influence 
each other’s sedimentation rate (91) opens a new vista for the determina- 
tion of the inter- and intra-molecular forces involved and also the possibility 
of apprehending more regarding the state of proteins in nature. 
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One cannot overemphasize the great advances that have thus far been 
achieved and that can be expected in the future from ultracentrifugal 
studies. The interpretation of the experimentally observed sedimenta- 
tions involves a theory to which contributions are still being made (82, 116). 
The equation relating the molecular weight to the sedimentation constant 
includes a term for the frictional resistance experienced by the molecule. 
This term, which also appears in the Sutherland-Einstein derivation of 
the translational diffusion coefficient, is a function of both the size and the 
shape of the molecule. The combination of the sedimentation constant 
and diffusion coefficient permits the elimination of the shape factor from 
molecular weight calculations. 1 * * * * * 7 Sedimentation velocity measurements 
alone would give different molecular weights for molecules of the same 
composition and weight but different shapes. Conversely, molecules of 
totally different composition, but of the same size, density, and shape, 
would appear to be monodisperse in the ultracentrifuge if their isoelectric 
points were not too different. The latter statement has come to have 
more than theoretical significance, because so many proteins have 
molecular weights ranging from 34,000 to 42,000 and isoelectric points 
ranging from 4.7 to 5.7. Moreover, molecules of different sizes and shapes 
might conceivably have the same sedimentation constant. To deduce 
identity in the chemical nature of a protein from identity in its sedimenta- 
tion velocity is a danger clearly envisaged by all those familiar with the 
methods. 

Diffusion methods and the size and shape of the molecule 

The slow diffusion of the proteins was one of the early observations 
which led to their classification as colloids. Determined with less elaborate 
apparatus than that demanded for ultracentrifugal measurements, the 
diffusion coefficient has also been used in estimating molecular weights 
(82, 106). 

In one simple form of diffusion apparatus the concentration gradient is 
within the interstices of a sintered-glass filter, the pores of which must be 
large in comparison with the diameter of the protein molecule, but small 
enough to prevent mixing by convection (106). The diffusion coefficient 

1 Poison (118), using a combination of the viscosity equations of Kuhn and 

Arrhenius, has attempted, by inserting the asymmetries deduced from viscosity 

measurements in the equation of Herzog, Illig, and Kudar (63) for the diffusion 

ratio between a spherical and an elongated ellipsoidal particle, to determine the 

molecular weights of proteins. The results arc of the right order of magnitude, and 

differ by a constant from the best results obtained by the sedimentation method. 

It would seem, however, that these were known with far greater certainty than the 
proper form of the viscosity equation. The influence of shape is also eliminated in 
measurements with the equilibrium centrifuge. 
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may be calculated from the changes with time of the concentrations on the 
two sides of the disc, provided the latter has been calibrated with a sub- 
stance of known diffusion coefficient. If the analysis is specific for a given 
protein, this method may be employed in the presence of other proteins; 
if non-specific, measurements upon mixtures of proteins are difficult of 
interpretation, since they yield diffusion coefficients which are not averages 
but arc weighted in favor of the smaller and more rapidly diffusing protein 
components. 

The optical methods perfected at Upsala for the study of concentration 
gradients have been applied to diffusion measurements (82) and have 
greatly improved the classical method of free diffusion. The disturbances 
occasioned by sampling are avoided, and a more complete analysis of the 
diffusion is possible. As in the ultracentrifuge, the data reveal whether or 
not more than one component is present. The study of mixtures presents 
many difficulties, however, unless the optical method be made specific for a 
particular molecular species. This method, in contrast to that involving 
sintered-glass filters, yields not relative but absolute values of the diffusion 
coefficient. 

The diffusion coefficient is a function of the size of the molecule. For 
the case of spherical molecules the diffusion coefficient is, according to 
theory, inversely proportional to the radius. A small error in the diffusion 
coefficient is thus greatly magnified in the estimation of the molecular 
weight. 

The diffusion coefficient is also a function of the shape of the molecule. 
An ellipsoid encounters more frictional resistance than a sphere of the same 
volume, and its diffusion coefficient is accordingly smaller. All proteins 
have in fact smaller diffusion coefficients, Z), than those calculated, D 0f from 
their molecular volumes on the basis of spherical shape. The ratio D 0 /D, 
equal to the Svedberg dissymmetry constant (135), may be interpreted in 
terms of either departure from spherical shape, or hydration, or both. If 
the hydration be assumed zero, the equations of Herzog, Illig, and Kudar 
(63) or of Perrin (117) may be used to calculate from Do/D the ratio of 
major to minor axes (s/d) of an ellipsoidal model for the molecule. Such 
calculations have been reported by Poison (118) and by Neurath (104). 

Although the Svedberg dissymmetry constant is often only a little 
greater than unity, when the values of D and Do are substituted in the 
Perrin equation the asymmetries suggested are very large. Thus, ac- 
cording to this treatment, the dissymmetry constant of 1.18 for egg 
albumin yields a ratio of major to minor axis of 4:1; thyroglobulin with 
a dissymmetry constant of 1.41 has, on the same basis, a ratio of major to 
minor axis of 8:1. 
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Dielectric constant dispersion methods and the size and shape of the molecule 

Proteins, like other molecules, may be expected to assume a random 
distribution in the body of a dilute solution 8 as a result of thermal motion. 
All proteins that have thus far been investigated are, however, oriented 
in an electric field. By virtue of their structure as dipolar ions they follow 
an alternating potential, provided its frequency is not too great. At low 
frequencies proteins thus increase the dielectric constants of solutions. 
At high frequencies, where they are unable to follow the alternations, the 



Fio. 1. Dispersion curves of blood proteins (hoise) 


dielectric constant of a solution is decreased, for the vast protein molecules 
displace solvent dipoles which could have oriented in the electric field 
(107, 109). 

Plotting the dielectric constant of a solution containing protein against 
the frequency of the alternating potential yields a dielectric constant dis- 
persion curve, which is characteristic of the protein. The theory of such 
carves has been developed by Debye (39). The methods that hav< been 
employed and the dielectric constants that have been observed have 
recently been reviewed elsewhere (31, 41, 109, 157). The first dispersion 

* At the surface of a solution the forces must be considered different, and orienta- 
tion and layering of the protein result, generally with compression and distortion of 
the native molecule. The problems associated with surface phenomena are dis- 
cussed in the previous paper in this Symposium and are therefore not considered 
here (34). In sufficiently concentrated solutions, or in solutions of low dielectric 
constant, orienting forces may also be expected to interfere with a random distribu- 
tion. 
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curve for a protein was that of Wyman on zein (161). The relation of 
such curves to the molecular weight has been considered by Wyman, 
Williams, Arrhenius, Oncley, and Ferry (6, 7, 49, 107, 166, 157, 161, 162). 

The extent to which the dielectric constant of a solution is raised by a 
protein solute depends upon the electrical asymmetry of the molecules; 
it is a function of their dipole moment, which is determined by the distribu- 
tion of the electrically charged groups on their surfaces, and has been 
considered in connection with the number and distribution of the electri- 
cally charged groups of proteins (31). The shape of the dielectric constant 
dispersion curve and the frequencies at which it occurs are, however, func- 
tions of the size and shape of the molecule and arc therefore considered 
here. 

Studies upon three proteins are graphically represented in figure 1, the 
ordinate of which is so defined that when the protein molecules are unable 
to follow the alternating field and contribute nothing to the dielectric 
constant, its value is zero; when they rotate in phase with the field and 
make a maximum contribution to the dielectric constant, its value is 
unity. The curve for hemoglobin of the horse (107) closely follows the 
form given by Debye’s theory. From the critical frequency, v C) the relaxa- 
tion time (= 1/27T v c ) is found to be 8.4 X 10~ 8 sec. For comparison, we 
may calculate the time of relaxation expected for a spherical molecule of 
molecular weight 66,670 and specific volume v = 0.75 rotating in a medium 
with the viscosity (ij) of water as r = SrjMv/RT = 5.4 X 10~* sec. The 
discrepancy may again be interpreted in terms of either hydration or 
spatial asymmetry. If we assume no asymmetry and postulate an amount 
of hydration equal to that estimated by Adair and Adair (3) for hemoglobin 
crystals, and assume that the water of hydration rotates with the protein 
molecule, the calculated relaxation time is 7.6 X 10“ 8 sec., in fair agreement 
with that observed. The same amount of hydration would closely account 
for the observed diffusion, as an alternative interpretation to an elongated 
ellipsoidal shape with an axial ratio of 4. The latter shape is not con- 
sistent with the single relaxation time observed, unless the dipole moment 
be perpendicular to the long axis. On the other hand, calculations by 
Mehl and Ferry show that both D 0 /D and the observed relaxation time 
would be given by a postulate of no hydration and the shape of a flattened 
ellipsoid of revolution with an axial ratio of 4. For such a body the relaxa- 
tion times about the different axes are nearly equal, and even if the dipole 
were inclined to all axes, the dispersion would be indistinguishable from a 
simple Debye curve. 9 

9 The hemoglobin of the pig has the same molecular weight as that of the horBe, 
but the dielectric constant measurements of Arrhenius (7) yield a relaxation time 
about twice as great, and therefore exceeding much more (by a factor of three) the 
value calculated from the molecular weight. 
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The molecular weight of the crystalline serum albumin of the horse is 
very close to that of horse hemoglobin, being estimated by Svedberg as 
67,000 on the basis of ultracentrifugal measurements (136), and by Adair 
(4) as 72,000 and by Burk (18) as 74,600 on the basis of osmotic pressure 
measurements. The difference between the relaxation times of these two 
proteins would therefore be scarcely perceptible on the basils of their 
molecular weights, and no sufficiently great differences in hydration to 
account for the observed dispersion curves can be reasonably postulated. 
The curves of both proteins appear to follow Debye's theory, but the relaxa- 
tion time obtained for serum albumin, 19 X 10~ 8 sec., is over twice as 
great as that for hemoglobin or more than three times that calculated from 
its molecular weight. Moreover, the viscosities of serum albumin solutions 
are far greater than those of hemoglobin solutions at the same volume 
fraction (37, 45, 82). This demonstrates how relaxation times reflect not 
only the size but also the shape of proteins. Dielectric constant dispersion 
curves may therefore become of even more use than sedimentation con- 
stants in characterizing many proteins, since so many proteins appear to 
have the same molecular weights. The relaxation time of a protein may 
readily be employed in calculating its rotary diffusion constant. 

Horse scrum pseudoglobulin has a far greater effect upon the dielectric 
constant, reflecting greater electrical asymmetry than either the serum 
albumin or the hemoglobin of the horse. As judged by viscosity measure- 
ments (25, 26, 45), it is also a less spherical molecule. Its molecular weight 
in aqueous solution has been estimated to be 150,000 or 162,000 (91, 103). 
The dielectric constant dispersion curve of this protein differs in two 
respects from the others in figure 1. In the first place, it occurs at much 
smaller frequencies; in the second place, its shape does not conform to 
Debye's theory. Analyzable in terms of two or more relaxation times, 
this curve suggests either that more than one molecular species was present 
or that the asymmetry of the molecule is. sufficient to reveal relaxation 
times characteristic of rotation about its different axes. Regardless of the 
interpretation of such a curve, however, it further illustrates the usefulness 
of dielectric constant studies for the characterization of proteins and for 
demonstrating differences and similarities between similar proteins from 
different sources. 10 

The relaxation times of those proteins which appear in figure 1 are sum- 
marized in table 3, together with some others. There are as yet no satis- 
factory experimental estimates of relaxation times of small molecules, such 
as water, amino acids, and peptides; the order of magnitude to be expected 
is, however, given by values calculated from the molecular volumes. 

In the case of zein, beautifully studied by Williams and his coworkers 

10 For instance, in the comparison of blood and tissue proteins or blood and 
urinary proteins (56). 



TABLE 3 

Relaxation times calculated from molecular volumes , from dispersion of the dielectric constant , and from double refraction of flow 
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(41, 157), and of serum pseudoglobulin and egg albumin, studied by 
Oncley, Ferry, and Shack (49, 50, 108, 124) in this laboratory, the dis- 
persion, although it can be roughly described by a single “average” criti- 
cal frequency, is much better represented by two different frequencies 
which yield different relaxation times. If these be interpreted in terms 
of rotation of an ellipsoid about different axes, then the asymmetry may 
be evaluated from the ratio of the relaxation times, without any arbitrary 
assumptions concerning hydration. 

The asymmetries, which are themselves independent of hydration, may 
then be used, with the assumption of zero hydration, to calculate the 
absolute magnitudes of the different’ relaxation times from the molecular 
volumes of the respective ellipsoids. These figures are included in table 3, 
and for zein and egg albumin are in good agreement with the experimental 
relaxation times, suggesting that for these proteins hydration has little 
influence on the rotary diffusion. 

Double refraction of flow and the size and shape of the molecule 

The phenomenon of double refraction of flow of protein solutions lias 
been discussed so recently (94) that only its use in the study of Ihe size and 
shape of the molecule need be mentioned here. When ordinary light is 
passed through a Nicol prism, it is plane polarized and can be extinguished 
by a second Nicol prism the* plane of polarization of which is at right angles 
to that of the first. If a velocity gradient is produced in a solution of 
asymmetrical molecules placed between the prisms, light will again pass, 
as the result of double refraction resulting from the orientation of the 
molecules. This effect will be greater the more asymmetrical the molecules 
and the greater the velocity gradient to which they are subjected, that is 
to say, the larger the proportion of molecules oriented in the stream lines 
of the solution. From measurements of the double refraction the extent 
and the principal direction of orientation of the molecules may be readily 
determined. 

The orienting forces in the solution may be considered as opposing dis- 
orienting rotatory Brownian motion. Calculations of resistance to rota- 
tion of ellipsoidal particles in a viscous medium have been made by Gans 
(57) and Perrin (117), and more roughly by Werner Kuhn (78). It follows 
from their calculations that the relaxation time of a very long ellipsoidal 
particle, rotating about its shorter axis, is approximately proportional to 
the cube of its length. On the basis of their relations and the studies of 
Edsall and von Muralt upon myosin (100) it has been estimated that this 
muscle globulin has a length in the neighborhood of 8500 A. (94). This 
value may be compared with estimates of length calculated on the basis of 
the molecular volume and estimates of the asymmetry, s/d , for less asym- 
metric proteins. Tentative calculations of this kind yield lengths for egg 
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albumin of 120 A., for horse serum albumin of 160 A., for horse serum 
globulin of 290 A., and for tobacco mosaic virus of 5200 A. 

Collagen (94), fibrinogen, ovoglobulin (21), thyroglobulin, tobacco 
mosaic, and certain other viruses, and the hemocyanins of Helix and Limu- 
Ins (83) have also been shown to exhibit double refraction of flow. At 
higher velocity gradients it is to be expected that less asymmetrical and 
smaller molecules will also exhibit this phenomenon, and we are at present 
engaged in reconstructing our apparatus at Harvard University in order 
to estimate the size and shape of other proteins by this method. 

The relaxation times of the asymmetrical molecules thus far studied, 
calculated as rotation about an axis perpendicular to the longest axis of 
the molecule from measurements of double refraction of flow by means of 
Boeder's treatment (94), are given in table 3. For myosin and tobacco 
mosaic virus they are respectively 1 X 10" 1 to 2 X 10~~ 2 . Assuming a 
molecular weight for this virus of 50,000,000 and calculating its relaxation 
time on the assumption of spherical symmetry would lead to a relaxation 
time of 3 X 10~ 6 or approximately one thousand times smaller than that 
observed (94). 

In table 3 comparison is also made between the relaxation times calcu- 
lated from dielectric constant dispersion curves. Those observed thus far 
range from 10“ 8 to 10~ 6 sec., and in every case in which the solvent was 
water were greater than relaxation times calculated from molecular weights 
on the basis of spherical symmetry. Extension of the dielectric constant 
method to far longer wave lengths and of the double refraction of flow 
method to far greater velocity gradients should render it possible ultimately 
to study the same protein by these two quite different methods — one 
electrical, one optical — and thus acquire more satisfactory knowledge 
regarding the forces involved in the orientation of protein molecules. 

Viscosity and the shape of the molecule 

According to Einstein's theory, the viscosity of a suspension or solution 
of uncharged, incompressible spheres is independent of their size, provided 
they occupy the same volume fraction of the solution and provided their 
size is large compared with that of solvent molecules. Experimentally it 
may be shown that when egg albumin and glycine occupy the same volume 
fraction, the viscosities of their solutions are somewhat similar (37). The 
radius of the protein calculated as a sphere is approximately 22 A. and that 
of the amino acid is 2.8 A., but this difference in size has little influence on 
viscosity. In the amino acid series, however, we have shown that dilute 
solutions of the more asymmetrical molecules, such as 0-alanine and 
c-aminocarproic acid, are far more viscous, and the more so the greater the 
number of carbon atoms between the positively charged ammonium and 
the negatively charged carboxyl group (37). 
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Proteins differ widely from each other with respect to the viscosity of 
their solutions. Harriet Chick (25, 26) reported a large number of viscosity 
studies, 11 as did Loeb (85) and many subsequent investigators. In Miss 
Chick’s studies serum albumin solutions were always more viscous than 
egg albumin, and pseudoglobulin and euglobulin still more viscous. The 
general magnitude of her results has been confirmed (27, 37, 45), r and we 
have assumed therefore, in the light of our studies upon amino acids and 
peptides of known structure and of Staudinger’s studies on other molecules 
(132), that this was the order in which the shapes of these molecules 
deviated from spherical symmetry. Deviation between calculated and 
observed relaxation times is also greater for serum albumin than for 
hemoglobin, and for pseudoglobulin than for either of these. This is the 
order of their viscosities. 

Although there would appear to be no doubt from these various experi- 
mental studies that viscosity is a most sensitive index of asymmetry, a 
completely satisfactory theoretical equation relating these two properties 
remains to be developed. The problem has been repeatedly considered 
(60, 61, 68, 78, 132), and various extensions of the Einstein equation have 
been suggested and tentatively employed. Estimates of the relation of 
the two principal axes of the molecule must be adopted with caution, 
until they prove to be identical with those derived from diffusion measure- 
ments, dielectric constant measurements, and measurements of double 
refraction of flow. 

All of these measurements are technically difficult, and the assumptions 
involved in their theoretical interpretation include such approximations as 
that molecules are rigid and incompressible, that there is no interaction 
between solute molecules, and that the solvent may be treated as a struc- 
tureless continuum. That the degree of asymmetry for the series of 
proteins thus far studied by such different methods is so nearly of the same 
order nevertheless suggests thai our knowledge begins to be satisfactory 
regarding not only the size but also the shape of the protein molecule. 

in. NUMBER AND DISTRIBUTION OF THE ELECTRICALLY CHARGED GROUPS 
OF THE PROTEIN MOLECULE 

Analytical methods and the number of reactive groups 

Proteins as a class are extremely diverse, not only in their biological func- 
tions but also in their chemical behavior. Neither the diversity nor the 
general properties of the proteins can be adequately explained by differ- 

11 Viscosity, like osmotic pressure and a large number of other properties of pro- 
teins, passes through a minimum in the neighborhood of the isoelectric point. The 
present discussion is limited, for lack of space, to the consideration' of proteins as 
dipolar ions. Studies at reactions far from the isoelectric point, where proteins 
are present as ions, are therefore not discussed here. 
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ences in the size or shape of their molecules. Thus hydrocarbon molecules 
of the same size and shape as proteins would presumably be completely 
soluble in non-polar solvents and relatively unreactive to electrolytes. 
It is precisely because proteins are possessed of varying numbers of polar 
groups, distributed on their vast surfaces, that they are polar molecules, 
insoluble in non-polar solvents but for the most part extremely soluble in 
water or electrolyte solutions. 

There have been great advances in recent years in estimating the amino 
acid compositions of proteins. The relation between cystine, methionine, 
and the various forms of sulfur in the protein molecule have been con- 
sidered in tables 1 and 2 in connection with estimates of the minimum 
molecular weights of proteins. Tryptophane and tyrosine have also proved 
invaluable in estimating minimal molecular weights, and these amino 
acids can be estimated with some accuracy by colorimetric procedures 
(52, 53). The latter amino acid also appears to be of significance for 
immunity and for the combination of base by proteins as alkaline reactions. 

The analytical methods for the other amino acids of importance in 
combining acids and bases arc also being constantly improved; those for 
the basic amino acids among others by Vickery (149), Block (16), and 
Bergmann (14, 15), and those for the dicarboxylic amino acids by Foreman 
(54), Dakin (36), Breese Jones (70), Cal very (22), and Chibnall (24). It is 
not within the province of the present communication to consider these 
methods, but it should be pointed out that every improvement in the esti- 
mation of the amino acid composition of proteins has rendered it more 
certain (32) that it is by virtue of the dissociated carboxyl, sulfhydryl, 
phenolic hydroxyl, and the positively charged imidazole, guanidine, and 
ammonium groups that proteins can exist as cations, as anions, or at their 
isoelectric points as dipolar ions. In large part the diversity in gross 
behavior between molecules of the same size and shape may be ascribed 
to differences in the number and in the distribution of these groups. 

Electrophoretic mobility, electromotive force measurements , and the number 

of charged groups 

Excepting at their isoelectric points proteins have a net charge and form 
salts with either acids or bases. According to the theory of dipolar ions 
the net charge arises at reactions alkaline to the isoelectric point from the 
loss of a proton from the basic amino acids, leaving the molecules nega- 
tively charged, or from the feeble acid dissociation of phenolic hydroxyl 
or sulfhydryl groups. The regions in which the various free groups of 
proteins and peptides dissociate and the present state of knowledge regard- 
ing amphoteric properties have recently been discussed elsewhere (23, 31). 
Except for proteins with alkaline isoelectric points, the negative charges of 
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electrically neutral proteins arise completely, as far as we know, from the 
dissociation of carboxyl groups. 

At reactions acid to the isoelectric point carboxyl groups become undis- 
sociated, lose their negative charge, and leave the protein with a net 
positive charge upon amino, imidazole, and guanidine groups. The num- 
ber of these is exactly equal, as far as present measurements reveal^ to the 
acid-combining capacity of the proteins. Thus analytical and physico- 
chemical methods combine to give us accurate information regarding the 
maximum number of positive charges which a protein can bear as a cation 
or a dipolar ion. 

Electrometric titration curves of proteins reveal differences ascribable 
to the differences in the number and dissociation of the free groups. De- 
spite the general similarity of such curves, those for most proteins (27, 31), 
even for closely related proteins such as the serum globulins (58), reveal 
definite differences in the number or strength of dissociating groups. 

Such differences in amphoteric properties must lead to differences in 
electrophoretic mobility, a* Sir William Hardy clearly envisaged in his 
classical studies at the turn of the century. The calculation of net charge 
from measurements of electrophoretic mobility is far more complicated 
than from electromotive force measurements because, whereas the latter 
can be carried out in almost salt-free solution, the boundary conditions in 
mobility experiments demand the presence of adequate concentrations of 
buffer. Although theoretical equations for mobility of simpler ions have 
been developed by Onsager (110), Machines (88), and Shedlovsky (125), 
their application to proteins is not yet complete and extrapolation to salt- 
free conditions not yet satisfactory (see 38, 129). 

Despite this temporary theoretical limitation, electrophoretic mobility 
measurements are extremely sensitive indications of differences in the 
charged condition of different proteins. Thus Tiselius, in his recent studies 
with an apparatus much impro/cd over those previously available, has 
shown differences in the mobility of the various serum globulin fractions. 
Moreover, the optical systems that he has developed render possible the 
following of more than one boundary and can thus be employed not only 
to prove whether proteins of one or more valence type are present but also, 
in the latter case, to effect their separation (86, 141). 

Whereas the basic amino acids may be present to the same extent in 
the various serum globulin fractions, both electromotive force measure- 
ments (58) and measurements of electrophoretic mobility (142) reveal 
differences in dissociation, leading to differences in isoelectric point. For 
these proteins we thus have a method of distinguishing between molecules 
presumably of the same size (91, 101), although perhaps of somewhat 
different shape (45). Other examples might be cited. In the case of the 
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crystalline serum albumins, however, no differences in molecular weight 
for different fractions have been shown, nor, as judged by viscosity and 
dielectric constant dispersion curves, in the shape of the molecules. Fur- 
ther, no significant difference in titration curves has been observed since 
the earliest studies of this kind by d’Agostino and Quagliariello (5, 27, 31). 
Moreover, the most recent electrophoretic mobility studies upon serum 
albumins (142) also reveal no difference between different fractions, al- 
though it has been known since the classical studies of Sorensen that the 
solubilities in salt solutions of the various crystalline serum albumins are 
quite different. In these proteins present methods show no differences in 
size, shape, or net charge, although gross differences in solubility may none 
the less be observed. 

Dielectric constant increment , dipole moment , and the distribution of electrically 

charged groups 

Not only the number but also the arrangement in space of the charged 
groups determines behavior. Thus for a tetrapole, like cystine, which 
might be considered as made up of two dipoles of moments equal to glycine, 
that is, of 15 X 10~ 18 electrostatic units, the moment of the whole molecule 
might be equal to 30 X 10” 18 electrostatic units or to zero, depending on 
whether the dipoles were parallel or antiparallel, or had an intermediate 
position (34, 75, 93). In the case of an isoelectric molecule like egg albu- 
min with twenty-eight positively and twenty-eight negatively charged 
groups (31), or of hemoglobin with at least seventy-five positively and 
negatively charged groups (32), an extremely large number of arrange- 
ments of these groups is conceivable, and each arrangement might well 
lead to a molecule of quite different properties. 

The estimation of the dipole moments of amino acids, peptides, and 
proteins from measurements of dielectric constant have been considered 
elsewhere (30, 31, 109, 162). Studies upon egg albumin have yielded a 
moment of approximately 180 X 10 -18 electrostatic units. The dielectric 
constant increments of the various egg albumin preparations that have 
thus far been studied by Oncley are in good agreement with each other and 
with the previously published studies of Shutt (126). Similarly the meas- 
urements of Oncley (107) upon horse hemoglobin are all consistent with 
each other and with those of Errera (43). The studies made upon horse 
serum albumin by Ferry and Oncley (49) reveal differences in moment 
corresponding to differences in solubility of the various crystalline fractions 
thus far investigated, ranging from 270 to 510 X 10~ 18 electrostatic units 
for fractions of low and high solubilities, respectively, in ammonium sulfate 
solutions. For these proteins, therefore, differences in behavior which 
could be ascribed to neither size, shape, nor charge can thus be ascribed 
to the distribution of the charge on the surface of the vast protein molecule. 
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Solubility and other measurements of activity coefficients and the electric 

moments of proteins 

The earliest methods of separating proteins from each other depended 
upon differences in their solubilities in different solvents. Upon these 
differences the purification of proteins often depends, as well as the crystal* 
lization of many of them, and a classification has developed and been 
adopted which defines proteins as albumins, globulin, prolamines, and 
glutelins, depending on whether they are soluble in water, salt solutions, 
alcohol-water mixtures, or only in acid and alkaline solutions. 

Solubility depends not only upon the forces between solvent and solute 
but also upon those between solute molecules in the solid state, that is, 
upon crystal lattice energies. The crystal lattice energies of proteins and 
even of amino acids and peptides are difficult to measure, since these 
substances cannot be sublimed or even fused. Change of solubility with 
change of solvent should, however, be independent of crystal lattice energy 
and yield activity coefficients, provided the protein is present in the same 
solid state in equilibrium with the various solvents investigated. 

Where it has been possible to measure activity coefficients of amino 
acids, peptides, or proteins by means of freezing point (121), vapor pressure 
fl28), or electromotive force measurements (71), the results, as a first 
approximation, have been satisfactorily in agreement with those derived 
from solubility measurements, whether the nitrogenous component was 
present as saturating body and the interaction investigated with solvent 
molecules (35, 47, 48), or the nitrogenous components were added to 
insoluble salts (46). Such studies are now too numerous to be considered 
here, 18 but a few of the pertinent generalizations that have been deduced 
may be cited. (1) In regions of sufficiently low dielectric constant, 
interaction between ions and dipolar ions depends largely upon the electric 
moment and also to a small extent upon *the size of the molecule. (£) 
Under these circumstances the solubility of elongated amino acids and 
peptides has been investigated, and the ratio of the logarithm of activity 
coefficient to ionic concentration has been shown to increase almost pro- 
portionately with the electric moment. (5) The volume of the molecule 
diminishes the effect due to its electric moment the more the larger the 
volume of the solute and the greater the dielectric constant of the solution. 
Thus the greater the molecular weight in comparison with the moment of 
the molecule the less will mutual solvent action occur, and the more will 
mutual precipitating action occur. The “salting-out” of proteins is the 

11 Influence of dipolar ions on the solubility of each other (34) is considered in more 
detail in the Symposium on Intermolecular Action, held by the Division of Physical 
and Inorganic Chemistry of the American Chemical Society at Providence, Rhode 
Island, December, 1038. 
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best known example of this phenomenon. ( 4 ) These interactions would 
appear both from experience and from theoretical calculations (74, 75) to 
depend not only upon the sizes but also upon the shapes of the molecules 
and to depend not only on the dipole moment of the molecule but also 
upon the number of the charged groups, even where these are symmetrically 
arranged. Thus the dipole moment does not account completely for 
molecular interactions between dipolar ions (48), but higher electric 
moments must presumably also be considered. 

IV. DISCUSSION 

The adequate development of a theory of protein chemistry demands a 
formulation of the parameters in terms of which behavior may be explained. 
In the foregoing we have attempted to discuss certain of these parameters. 
Certainly the size of the protein molecule must be considered. Knowl- 
edge of the size of a protein is not, however, sufficient for its characteriza- 
tion. Egg albumin, pepsin, lactoglobulin, and zein all have nearly the 
same molecular weight. Yet the first is classified as a water-soluble 
albumin, the second and third as globulins (insoluble in water but more 
soluble in salt solutions), and zein as a prolamine insoluble in water but 
soluble in alcohol- water mixtures. 

The shape of a protein is not sufficient for its characterization. Fibrino- 
gen, among the blood proteins, is rod-shaped and so is tobacco mosaic 
virus. Not all blood proteins nor all viruses are elongated molecules, 
however. Among the former, hemoglobin is nearly spherical, and there 
is at least one virus, the bushy stunt virus of tomato (13, 92), which is re- 
ported to be nearly spherical. 

The isoelectric point of a protein is not sufficient for its characterization. 
Egg and serum albumins, casein, and gelatin have nearly the same iso- 
electric point. Although the first two have approximately equal numbers 
of free acid and basic groups, casein has many more acid than basic, and 
gelatin many more basic than acid groups. 

The dielectric constant increment of a protein is not sufficient for its 
characterization. Carboxyhemoglobin and the most soluble crystalline 
fraction of horse serum albumin increase the dielectric constant of water by 
nearly the same amount, but have quite different relaxation times. 

The relaxation time of a protein is not sufficient for its characterization. 
The different fractions of crystalline horse serum albumin have the same 
relaxation time, though the dielectric increment of the more soluble is 
roughly three times that of the less soluble. Moreover, the relaxation 
time — and also the viscosity — of carboxyhemoglobin is smaller than that 
of the serum albumins, although all have nearly the same molecular weight. 

Whereas no one of these properties will suffice for characterization, these 
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and other measurements, taken together, yield quantitative information in 
terms of which we may develop still further both the theory and the 
practice of protein chemistry. 
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I 

The influence of electrolytes on the behavior of the amino acids and 
proteins is perhaps one of the most important topics in the physical 
chemistry of these substances. It has long been known that there is a 
strong thermodynamic interaction between electrolytes and the amino 
acids and proteins. In recent years the accurate measurements of Cohn 
and his coworkers (1, 2, 3, 4, 5) have provided a large body of thermody- 
namic data relating to this question. 

With the accumulation of evidence in favor of the dipolar ion or zwit- 
ter-ion structure of the amino acids and pxoteins in the isoelectric condi- 
tion in solvents of high dielectric constant, it has become apparent that 
thermodynamic interaction between electrolytes and these substances 
can, in large measure, be attributed to the strong electrostatic intermolecu- 
lar forces between dipolar ions and real ions in solution. A dipolar ion, 
while bearing no net charge, is characterized by electric multipole mo- 
ments of large magnitude. For example, the glycine dipolar ion, 
NHjCH 2 COO _ , possesses a dipole moment of about 15 Debye units, 
about ten times that of an ordinary polar molecule. Thus a dipolar ion 
is in a sense a superpolar molecule, surrounded by an intense electro- 
static field. 

An extension of the Debye -Huekel theory describing the electrostatic 
interaction of dipolar ions and real ions in solution was developed by 
Scatchard and the writer (10) and later elaborated in some detail by the 
writer (8) for dipolar ions of spherical shape. It is the purpose of the 
present article to review the possible applications of the theory and to 
extend it to dipolar ions of elongated shape. In this extension of the 
theory we shall confine ourselves to limiting laws approached at high 

1 Presented at the Symposium on the Physical Chemistry of the Proteins, held 
at Milwaukee, Wisconsin, September, 19S8, under the auspices of the Division of 
Physical and Inorganic Chemistry and the Division of Colloid Chemistry of the 
American Chemical Society. 
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dilution, making use of a method similar to that developed by Fuoss ( 6 ) 
for the study of dipole-dipole interaction, rather than the somewhat more 
complicated method based upon the Debye-Huckel theory. 

The theory may be employed in two ways. By means of it the in- 
fluence of electrolytes upon the chemical potential of a dipolar ion of 
known electrical structure may be predicted. On the other hand, it may 
be used to determine the structure, for example, the distance between the 
charged groups and the dipole moments, of simple dipolar ions from data 
relating to the influence of electrolytes on their chemical potentials. For 
the latter purpose we shall make extensive use of the measurements of 
Cohn and his coworkers. 

In this article we shall limit the discussion to the aliphatic amino acids 
and their peptides, since the proteins present certain ambiguities of inter- 
pretation with which we cannot concern ourselves here. Thus, so many 
parameters are required to specify the charge distribution of protein 
dipolar ions that they cannot be uniquely determined from the influence 
of electrolyte upon chemical potential. On the other hand, too little is 
known at present about the details of protein structure to permit a prob- 
able assignment of configuration to the dipolar ionic charges from which 
to predict the interaction with electrolytes. Nevertheless, as Cohn has 
shown, certain progress can be made along the latter lines, and observed 
electrolyte effects can, in the case of egg albumin and hemoglobin (5), be 
reproduced by hypothetical though not unique assignments of charge 
configuration. 


II 

We shall be interested in the properties of a solution containing a dipolar 
ion component i at a molar concentration, c», and v ionic components at 
molar concentrations, c t ... in a solvent of dielectric constant D. 
The pertinent thermodynamic properties of the solution may be derived 
from the chemical potentials of the several components. We shall be 
particularly concerned with the chemical potential of the dipolar ion 
species, which may be written in conventional form, 

n % = RT log 7 ,Ci + n°i(T, p) 

nl = lim [#«, — RT log a] 

—0 

where 7 i, the activity coefficient, is defined by this equation. 

We shall make the simplifying assumption that the deviation of the 
solution from ideal behavior is due to electrostatic intermolecular forces 
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alone. If the solvent is idealized as a structureless dielectric continuum, 
the logarithm of the activity coefficient, y it may be written as follows (8), 

log 7 i =■ 2- BihCk 

4-1 

j8 - 1/kT 

where the sum extends over all v + 1 solute components, Fa is the 
electrostatic work required to bring the pair of molecules or ions, i and k, 
from infinite separation to the given configuration in the pure solvent, 
and TFa(X) is the average work (potential of average force) expended in 
the same process in the actual solution, all charges, ei • • • e t , of molecule 
i having a fraction, X, of their full values. The integration extends over 
all values of the relative coordinates of the pair of molecules in the volume, 
v , of the solution and outside a region, w, of molecular dimensions de- 
termined by the size and shape of the two molecules, into which inter- 
molecular repulsion at short range prevents penetration. 2 

According to the Debye-Htickel theory the potentials of average force, 
W ik , necessary for the evaluation of the coefficients, Ba, satisfy the fol- 
lowing relation, 

TFa(X) = sW'tCX, Tk) (3) 

where \pi is the average electrostatic potential at the point r* from an 
origin in molecule i and is the charge of ion k. The potential, 
satisfies the Poisson-Boltzmann equation of the Debye-Htickel theory, 
which in its linear approximation is 


=» 0 . 


4ttj Ne* V- J 
1000 DAT ft * * 


(4) 


* Equation 2, while somewhat more convenient for our purposes, is essentially 
equivalent to the more usual expression, based on the Guntelberg-MIlller charging 
process 

kT logy i “ 'ft-* 61 J » • • • Xe«) — tf'JfXe i, . . • Xc,)|dX 

where is the average electrostatic potential at the point of location of charge, 
ei, of molecule i in the actual solution and is its value at infinite dilution, all 
charges, ei ... e„ having a fraction, X, of their full values. 
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outside the region of non-penetration, while in o> Laplace’s equation is 
satisfied. 


VV< - 0 (6) 

Solution of equations 4 and 5, subject to the boundary conditions of 
electrostatics on the surface of u, continuity of the potential and the 
normal component of the dielectric displacement, yields \// % , which may 
be used in equation 2 or 2a for the calculation of the activity coefficient. 
This method has been employed by the writer to study the influence of 
electrolytes on the activity of spherical dipolar ions (8). 

In the present article we propose to use a somewhat simpler method, 
which yields only a limiting law. Only linear terms in the expansion of 
the logarithm of the activity coefficient in the concentrations of the vari- 
ous solute species appear, thus allowing the treatment of non-spherical di- 
polar ions and permitting the inclusion of “salting-out” forces between an 
ion and a dipolar ion. The latter arise from a repulsion between the 
ionic charge and an image distribution in the cavity of low dielectric 
constant created by the dipolar ion in the solvent. It is evident that 

lim WM = W %k (6) 

•i» ••• e r + i-0 

If we are content with the linear terms in a power series in the ionic con- 
centrations, we may, therefore, write equation 2 in the following form, 

log 7 < = £ BikCk 

fc-i 

(1 - «“"•“> d « m 

B\ = lim Ba 

ci, ••• e*+i— 0 

For simplicity we suppose that the term in the sum, equation 2, arising 
from the mutual interaction of dipolar ions is negligible and thus limit 
ourselves* to solutions in which the concentration of dipolar ions is itself 
small. If desired, the B° %% for mutual dipolar interaction may be obtained 
from Fuoss’ calculations for dipole molecules (6). The development (equa- 
tion 7) is only possible when the integrals defining the J B t * exist. Al- 
though they diverge when the component i is a true ion, they exist when 
it is a dipolar ion, bearing no net charge, and the expansion is suitable 
for our purposes. In solvents of relatively high dielectric constant at 
ordinary temperatures, a satisfactory approximation to the may be 
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obtained by expansion of 1 — e fVih with retention of the first two terms 
alone. 


For a dipolar ion characterized by a set of charges, ei • • • e», distributed 
in a cavity, coo, of dielectric constant Do, the electrical work, required 
to bring a true ion of charge, z*e, from infinity to a point r* from an origin 
fixed in the dipolar ion i is given by 

Vik = ^ |«*e^!!(r*) + 53 (9) 

where ^?(r i) is the electrostatic potential in the interior of co 0 at the loca- 
tion of the charge, e h and ^(r*) is the potential at the point r* exterior 
to w 0 , when the ion and dipolar ion are fixed in the given configuration in 
the pure solvent. Self-energy terms in equation 9 are to be omitted, 
Va vanishing when the ions are at infinite separation. The potentials 
\p°i and \p° e satisfy Laplace's equation, VV = 0, both interior and exterior 
to the surface of w 0 , and fulfill the usual boundary conditions everywhere 
on this surface, 


• o »o 

Yi =■ Ye 

Doa-Vil = Da-Vt°. 


( 10 ) 


where n is a unit vector normal to the surface. In addition, the potentials 
must have the singularities characteristic of the real charge distributions 
of the two ions. The details of the determination of the electrostatic 
potential for dipolar ions of several shapes are given in the appendix. 

We first consider a spherical dipolar ion of radius b , the charge distribu- 
tion of which may be characterized by a point dipole of moment, n, lo- 
cated at its center. The cavity, w 0 , is thus a sphere of radius 6, and the 
excluded region, co, in the integral (equation 8) is a sphere of radius a, 
the sum of the radii of the dipolar ion and the real ion, all real ions in 
the solution being spheres of the same radius. The potential energy, 
, has the following form, 

y _ 3z*e/i cos . zle 2 b* D — Do n + 1 /&Y n (ii) 

“ (2D + D 0 )r 2 + 2?" D (n + 2)D + (» + 1)D„ \r/ V ' 

where r is the distance between the centers of the ion and dipolar ion, 
and d is the angle between the vectors, r and y , the dipole moment. The 
second member of equation 11 represents a repulsion between the real 
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ion and an image distribution in the cavity, o> 0 , created by the dipolar 
ion in the solvent. A similar term, usually of much smaller magnitude, 
arising from the interaction of the dipolar ion and an image distribution 
in the ionic cavity has been suppressed. 

Substitution of equation 11 in equations 7 and 8 and the neglect of 
small terms in Do/D in the summation of the resulting series yields the 
following limiting law for the activity coefficient of the dipolar ion com- 
ponent of the solution, 

logic 7* = - £,r 

T~il/2)±c*l (12) 

_ 2 wNe* /3 6‘ , A 

’ 2303DkT\2DakT a “ W / 

where T is the ionic strength of the solution, p is the ratio 6/a, and a(p) 
is a function tabulated in table 1. Insertion of numerical values for the 


TABLE 1 

«(p) - (iP 4 ){G>* ~ 2) log (1 + p) - <p» + 2) log (1 - p) - 2p 2 | 


p 

«(p) 

0.0 

1.00 

0.2 

1 01 

0.4 

1.08 

0.0 

1.21 

0.8 

1.54 

0.9 

1.96 


universal constants and the introduction of the dielectric constant of water, 
D w , yields at 25°C. 

Bi = B< #> - B? 

B, <#) - 5.48 X 10 ~\DJD)V/a - 0.125 {DJDftf/a (13) 
Bt U - 4.66 X 10 -\D„/D)(v,/aMp) 

where R is the effective dipole separation, n/e, and is equal to 4arNb*/3, 
the value at infinite dilution of the partial molal volume of the dipolar 
ion component under the idealization of the solvent as structureless con- 
tinuum. The units employed in equation 13 are the Debye unit for di- 
pole moment and the Angstrdm unit for the lengths R and a. The term 
B, (0) gives rise to a decrease in the chemical potential of the dipolar ion 
by electrolyte (“salting-in’'), while the term B< 0) gives rise to an increase 
(“salting-out”) . The latter effect was not included in the writer’s previous 
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treatment (8), based on the Debye-Hdckel theory. If the term fij t> is 
omitted in equation 12, a limiting law in exact agreement with the writer’s 
earlier one is reached. 

We next consider a dipolar ion of prolate ellipsoidal shape, characterised 
by a charge distribution consisting of two charges, +e and — e, located 
at the foci. It is convenient to employ confocal elliptical coordinates in 
the treatment of this model. Thus a point situated at distances n and 
r* from the respective foci of the ellipsoid and in a plane inclined at an 
angle, <p, to the reference plane containing the major axis is specified by 
the coordinates X, v, and <p. 

X = (n + r»)/R 

(14) 

V = (n - r,)/R 

where R is the interfocal distance. The cavity, o> 0 , is an ellipsoid of ec- 
centricity, €, equal to 1/X 0 , and the region «, into which ions cannot pene- 
trate is, for simplicity, assumed identical with o> 0 , although this is strictly 
true only for vanishing ion size. The potential energy, V a, of the dipolar 
ion and a real ion of charge z*e is closely approximated by the following 
expression, 

Equation 15 is exact for the two limiting cases, zero and unit eccentricity, 
and only slightly inaccurate, owing to the approximate summation of an 
infinite series, for intermediate eccentricities. The term arising from the 
interaction of the ion with its image distribution in the dipolar ion cavity, 
included for the sphere, has been omitted in equation 15, since it intro- 
duces undue complication, which we postpone for later, in the evaluation 
of the integral (equation 8). Introduction of the codrdinates X and tj as 
variables of integration in the latter equation leads to the following ex- 
pression 

* - - ’"mi C C < x ' ~ ® ®» 

the term linear in Vu vanishing since it is an odd function of 17. Equation 
16, together with equations 7 and 15, yields for the logarithm of the activity 
coefficient of the dipolar ion, 

Iogio * — B t T 
D _ 2*Ne*g(\o) „ 

‘ * 2303(Z>fcD* (17) 
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Insertion of numerical values for the constants gives, at 25°C., 

B t = 0.167 (Du,/ D) *g (Xo) R (18) 

A tabulation of g as a function of the eccentricity of the ellipsoidal cavity 
is given in table 2. We remark that for constant eccentricity B, is pro- 
portional to the first power of the distance, R, between the charges of 
the dipolar ion. For elongated ellipsoids in the neighborhood of unit 
eccentricity, the function g is approximately unity. For ellipsoids nearly 
spherical, g may be expanded in a power series in R/a, where a is the 
shortest distance of either focus to the surface, equal to the radius of the 
sphere at zero eccentricity. The initial term of the series, 3J2/4a, when 
substituted in equation 18 yields an expression identical with jB, < 0> (equa- 
tion 13) for a dipole at the center of a sphere. No counterpart of B[ l) is 
obtained, since we have neglected the “salting-out” influence of image 


TABLE 2 

g as a function of the eccentricity of the ellipsoidal cavity 


« 

*(«) 

•(1 - •»)-* /»*(•) 

0 00 

0 00 

0.00 

0 20 

0 30 

0 061 

0.33 

0.49 

0 17 

0.50 

0 71 

0.39 

0.60 

0.83 

0 58 

0.70 

0.94 

0.82 

0.80 

1.01 

1 14 

1.00 

1.00 



forces in the present case. While we shall not consider the problem in 
detail in the present article, it seems reasonable to suppose that the mag- 
nitude of B t for an ellipsoid can be roughly estimated by an analog of 
the spherical formula, equation 13, in which v % /l appears instead of v t /a t 
l being a length intermediate between the semi-major and semi-minor 
axes of the ellipsoid. 

We shall also discuss a second model in which the dipolar ion is ellipsoidal 
in shape but characterized by a charge distribution consisting of a point 
dipole of moment, p, situated at one of the foci and parallel to the major 
axis. The calculations proceed in the same manner as for the first el- 
lipsoidal model except that the potential, V t k, is of the form, 


y _ 4ir Zifi \rj 

%k DR* (X + *i) 1 




log 


Xo + i "l 1 
Xo-lJ 


(19) 
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The logarithm of the activity coefficient of the dipolar ion is finally cal- 
culated to be 


logio y < « - BiT 


3dVe l u(Xo) m* 
XmiDkTj 1 B 


u(Xo) = 


8 1 + 3(X* - l)“ l + 4(X* - I)"* 



( 20 ) 


With numerical values for the constants at 25°C., is given by the fol- 
lowing equation, 


Bf = 5.48 X 10 -*(jD»/D)*u(X*)MVf2 (21) 

in which the Debye and the AngstrSm are the units employed. The 
function n(X 0 ) is listed for several eccentricities in table 3. In the limit 


TABLE 3 

Values of (he function u(X o) 


« 

« («) 

•a - «»)-»•[«(•) I-* 

0.00 

0.00 

0 50 

0.20 

0.47 

0.43 

0.33 

1.03 

0.33 

0.50 

2.92 

0.19 

0.60 

6.31 

0,11 

0.70 

16.5 

0.053 

0.80 

81.5 

0.014 


of zero eccentricity of the ellipsoid, u{t)/R reduces to 1/a, where a is the 
radius of the sphere, and equations 20 and 21 reduce to 12 and 13, except 
for the “salting-out” term. 


Ill 

We are now ready for a brief review of the interpretation of the thermo- 
dynamic interaction of dipolar ions and electrolytes by means of the equa- 
tions put forward in the preceding section. For this purpose we turn to 
the data of Cohn and his coworkers (1, 2, 3), relating to the influence of 
electrolytes on the solubility of the aliphatic amino acids and the peptides 
of glycine. If $ and «o are the solubilities of a dipolar ion in a given solvent 
in the presence and in the absence of electrolyte, the conditions of hetero- 
geneous equilibrium require that the ratio so/s be equal to 7 , the activity 
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coefficient in the presence of electrolyte, the solution being assumed ideal 
when the dipolar ion component is present alone. We may therefore 
write a limiting solubility law in the following form, 

logio(*/*o) = BY (22) 


where r is the ionic strength and B is given by one of equations 12, 17, or 
20, according to the assumed structure of the dipolar ion. The data of 
Cohn confirm the form of the limiting law, in which the initial term is 
linear in the ionic strength, and the coefficient B may be obtained from 
the limiting slopes of his solubility curves. In order to correlate measure- 
ments in solvents of different dielectric constant, it is convenient to intro- 
duce a coefficient B 0 equal to ( D/D W ) 2 B , related to the solubility ratio 
as follows, 


Jo = lim 
r-« L 


d (DJD) logw (*/*»)" 

d(D/D.)r . 


From equations 12, 17, and 20 we remark that the theory predicts that 
B 0 should be independent of the dielectric constant of the solvent if 
“salting-out” forces due to image repulsion are of small magnitude. This 
independence is approximately confirmed by Cohn’s measurements (1) of 
the solubilities of the amino acids in alcohol -water mixtures, from which 
we may conclude that the “salting-out” forces are of secondary impor- 
tance, though not negligible. 

We shall first discuss the solubility data for the simplest amino acid, 
glycine, on the basis of the spherical dipolar ion model. The dipole 
moment, n, may be computed from the solubility coefficient, Bo, by equa- 
tion 13. 


** = VmB ( 0 0) a 
Bo 0) - (D/D w )*B lm 


From the partial molal volume of glycine at infinite dilution in water and 
the ionic radii of Pauling and Huggins (9), Cohn (1) estimates a to be 
3.90 for glycine and lithium chloride. From the solubility of glycine in 
the presence of lithium chloride in alcohol-water solvents of decreasing 
dielectric constant, he determines Bo 0) to be 0.32. Substitution of these 
values in equation 24 yields a value, 15 Debye units, for the glycine 
dipole moment. This value is in agreement with the dipole moment, 
calculated on the basis of structural considerations, for the glycine dipolar 
ion in which the terminal NHt and COO - carry residual charges +e and 
— e, respectively. It is also of interest to consider the “salting-out” co- 
efficient Bi n . Its relative importance becomes greater with increasing 
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dielectric constant of the solvent. Although in water the high solubility of 
glycine prevents the use of equation 22 without a term for the mutual 
dipolar ion interaction, the coefficient Bo may be obtained from electro- 
motive force measurements of Joseph (7) and freezing point measurements 
of Scatchard and Prentiss (11). For glycine and sodium chloride in 
water at 25°C., S 0 has the value 0.24. The difference between this value 
and Bo 0) , roughly 0.08, gives the “salting-out” coefficient, Bo 1 *, on the 
basis of the present theory. For glycine and sodium chloride Cohn calcu- 
lates a to be 4.05 and p is 0.7. By linear interpolation in table 1, we obtain 
for a(p) a value 1.37. With these values and Cohn's estimate, 57 cc., for 
the limiting partial molal volume of glycine, corrected for solvent electro- 
striction, we calculate from equation 13 the value 0.08 for Bo 0) . Thus in 
water the “salting-out” contribution arising from image forces amounts 
to about 25 per cent of the “salting-in” contribution to the solubility 
coefficient, Bo 0) , arising from the interaction of the ions of the electrolyte 
and the true charges of the dipolar ion. 

We shall now discuss glycine and its peptides on the basis of the first 
ellipsoidal model, in which two charges of opposite sign are situated at 
the foci. The calculations will be somewhat more approximate than 
those for glycine on the spherical model, since the ion size of the electrolyte 
is neglected and the “salting-out” influence of image forces is not in- 
cluded. The distance R between the foci of an ellipsoid of eccentricity 
c and volume v/N may be expressed in the following manner 

R = tp(l - e s )“* (25) 

where the length p is equal to (&v/Nir)^ and is to be expressed in Angstrdm 
units. With numerical values for the constants, we have 

p = 1.47 »* • (26) 

where the molal volume v is in cubic centimeters. For a sphere p is the 
diameter. From equations 18, 25, and 26 we may write 

Bo = 0.167ep(l - « s )"Ve) 

R = «p( 1 - e ! )* (27) 

p = 1.470* 

From the first of these equations and the experimental value of Bo the 
eccentricity of the molecular ellipsoid may be obtained by linear inter- 
polation in table 2. From the eccentricity and the molal volume, the 
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charge separation of the dipolar ion may then be computed with the Becond 
of the equations. Calculations for glycine, diglycine, triglycine, and 
/3-alanine are summarized in table 4. They are based on Cohn’s experi- 
mental values of Bo and on his estimates of molal volumes corrected for 
solvent electrostriction (1). The distance, 2.8 A., for glycine, corresponds 
to a dipole moment of 13, which differs only slightly from the value 15 
obtained on the basis of the spherical model. A significant part of the 
difference between the two values is due to the neglect of electrolyte ion 
size in the ellipsoidal calculation. It therefore appears that we cannot 
conclude much as to the shape of the glycine dipolar ion from the influence 
of salts on its activity. However, owing to this very insensitivity to 
shape, we can place considerable confidence in the value of the dipole 
moment computed from the salt effect. The distances 4.7 and 6.4 com- 
puted for diglycine and triglycine are considerably below the values, 
6.7 and 10.2, estimated by Cohn (1) for an extended chain configuration. 
Thus our calculations suggest that the extended chain configuration is 


TABLE 4 

Values of Bo, v, and R for four dipolar ions 



Bo 

9 

R 

Glycine 

0.32 

67 

2.8 

Diglycine 

0.68 

93 

4.7 

Triglycine 

0.80 

130 

6.4 

/3-Alanine 

0.43 

73 

3.6 


not the preferred one, but that, owing to internal rotation, the average 
separation of the charges in these dipolar ions lies intermediate between 
the extended chain value and the free rotation value. Under these 
circumstances the computed distances have only formal significance as 
average distances unless a single preferred configuration should happen 
to dominate all others in probability. To take internal rotation properly 
into account, we should compute a Bo for each internal configuration and 
then average over all configurations with an appropriate distribution 
function for comparison with the experimental value of Bo. At present 
it is not possible to do this; moreover, the ellipsoidal model would be an 
extremely rough approximation for “crumpled” configurations. 

Finally we shall discuss a series of the aliphatic alpha-amino acids on 
the basis of the second ellipsoidal model in which a point dipole is located 
at one focus. We represent glycine by a sphere with a point dipole at 
its center, 2.8 A. from the surface of the molecule, and the homologs of 
glycine by ellipsoids with point dipoles at a focus located at the same 
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distance, 2.8 A., as in glycine, from the surface of the molecule measured 
along the major axis. The eccentricity of the ellipsoid is then determined 
by the relation 

(1 - *)(1 - «»)"* 21/p (28) 

where p is defined by equation 26 in terms of the molecular volume, and 
l, the distance of a focus from the surface, is 2.8 A. in the subsequent cal- 
culations. Equation 28 may be roughly solved by linear interpolation 


TABLE 5 

l/p as a function of the eccentricity of the ellipsoidal cavity 


2(I/P) 

« 

2(i/p) 

« 

1.00 

0.00 

0.46 

0.60 

0.81 

0.20 

0.38 

0.70 

0.70 

0.33 

0.28 

0.80 

0.55 

0.50 




TABLE 6 

Calculated values of the dipole moment 


ACID 

Bt 

p 

DXPOLX 

MOMENT 

Glycine 


5.6 

13 

a- Alanine 


6.1 

13 

a-Aminobutyric acid 

0.31 

6.6 

13 

Leucine 

0.30 

7.3 

13 



in table 5. From equations 21 and 25 the following relation between the 
dipole moment of the dipolar ion is obtained 

* " Vl83B^p(l -«V*[«(.)r (29) 

Calculations based upon equation 29 and Cohn’s values of Be and molecu- 
lar volumes for glycine, a-alanine, a-aminobutyric acid, and leucine are 
listed in table 6. The discrepancy between the dipole moment values 13 
and 15, both based upon the spherical model, is merely due to the neglect 
of electrolyte ion size in the present calculation, a procedure which we see 
does not lead to great error. It is interesting that the calculated dipole 
moments of glycine and of the other aliphatic alpha-amino acids turn out 
to have identical values. This is essentially what would be expected on 
the basis of structural considerations, although small differences could 
possibly arise from induction effects in the different aliphatic chains. 













246 


J. G. KIRKWOOD 


The problem of internal rotation does not enter explicitly into the de- 
termination of the dipole moments of the alpha-amino acids as it did in 
the case of the peptides of glycine. However, the average configuration 
of the aliphatic chain to which the glycine residue is attached will de- 
termine how closely the actual molecule conforms to the ellipsoidal shape, 
which is at best an approximation. 
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APPENDIX 

We shall present here some of the mathematical details in the calcula- 
tion of Va, the electrostatic work required to bring a dipolar ion i and 
a real ion k from infinite separation in the pure solvent to a given relative 
configuration. The real ion is represented by a point charge z k e and the 
dipolar ion by a charge distribution • • • e M located in a cavity o> 0 , of 
dielectric constant Do, in the solvent of dielectric constant D. The po- 
tential Vtk is then given by 


V ik = W- Wo 


( 30 ) 


where W is the work of charging the system in the given configuration 
and Wo the work of charging when the two ions are infinitely separated. 
W is to be calculated by means of the formula 






( 31 ) 


where ^,(rj) is the electrostatic potential in the interior of « 0 at the point 
Ti of location of charge e* and ^ a (r*) is the potential exterior to w 0 at the 
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point of location r* of the real ion. The potentials it and \fr. both satisfy 
Laplace’s equation, 


= 0 


W. = 0 

as well as the boundary conditions 

Mr) = \A.(r) 

Z)on-V^,(r) = Z)n-V^.(r) 
on the surface of the cavity w 0 . 


(32) 

(33) 


Sphere 


When the cavity wo is a sphere of radius b, it is convenient to employ 
polar coordinates (r, d, <p) with origin at the center of the sphere. Poten- 
tials i/s and satisfying Laplace’s equation and possessing the appropriate 
singularities are 


00 +» 


-,+ Z Z B nm r n Pn (cos 

i-i D 0 \i — Ti] 


n— 0 m— — n 


= 


Zie 


to +» 


(34) 


■D I f — r* 


--, + Z Z ~;"p:(cosd) e < "' 


where the P»(cos d) are the associated Legendre functions of the first 
kind. On the boundary of the sphere b, we have 


'I'eib, d, <p) = &(6, d, #>) 

D (f) =d M) 

\dr/ \dr/r- 


(35) 


for all values of d and ^ in the intervals 6 to jr and 0 and 2*r. On the 
surface of the sphere we may employ the following harmonic expansions 


D\i-r k 


Z Z F nm r n P: (cos 


«D 0 |r-r,| 


Z ^ P:(cos d)e <m * 


( 36 ) 




1 (» — | m | ) ! y* 
Do{n + \m\)\fa 


e ( r? P"(cos dj)e~ ,m *’' 
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By substitution of equations 34 and 36 in equation 35 and use of the 
orthogonality of the functions 

P:(cos &)e ,mr 


on the surface of the sphere, we obtain the following set of linear equa- 
tions for the coefficients A nm and 


ji. + 6 SB+1 F" = Gnm + b ,B+1 B nm 
(n + IMnn, - nb 2n+1 F nm - <r[(n + 1 )G im - nb^ 1 B ntn ] 


Solution yields 


<r » Do/D 


B n 


_ 2n + 1 p , (n + l)(<r — 1) G„m 
n + 1 + nor nm n + 1 + na b* n+l 

_ n(l - <r)b 2n +1 „ , (2n + l V r 

n + 1 + na " m + n + 1 + n<r °' Bm 


(37) 


(38) 


Use of equations 34 and 38 in equations 30 and 31 and application of the 
addition theorem of spherical harmonics yield, when the dipolar ion has 
no net charge, 


Fa = 


(2n + l)ej 


Dr* »-i j-i n + 1 + na 

+ (1 - c) 


Pn( COS &lcl) 

2 2 1 eo 

z k e b v 


n 


2Dr* n-i n + 1 + tut 


(39) 


where r* is the distance of the real ion z k e from the center of the sphere, 
and &ki is the angle between the vectors r* and ti from the center of the 
sphere terminating in the real ionic charge z& and the charge ei of the 
dipolar ion. When the dipolar ion contains a point dipole at the center, 
the first sum in equation 39 degenerates into 


z k e\x cos A* 
(2D + D 0 )r\ 


(40) 


and equation 11 results at once from equation 39, with a slight change in 
the summation index in the second sum. In this case the dipolar ion 
may be regarded as possessing two charges +e and — e situated at equal 
distances r 0 from the center, with = x — # k i- If we pass to the limit 
r 0 = 0 with 

m s 2 lim (ero) 

ro-*0 

all terms except for n = 1 vanish in first sum of equation 39, the first 
term reducing to equation 40 if &ki is designated simply by tf*. 
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Before leaving the spherical case, it is perhaps desirable to give the 
general expression for 2?j 0) when the charge distribution of the dipolar ion 
is arbitrary. £< (l) is still given by equation 13. 

4 *Ne* y' (2n + 1) 


( 0 ) 


B? 


M n 


Mn 

2303(Z)ftr) s £5 (2 n - 1) (n + 1 + no) a*- 1 

t 

E eiCi' r? Tv P»( cos t? ( <i) 

i.i' 

-1 


(41) 


where £|#i is the angle between the vectors of length tv and r h joining the 
charges ev and e% to the center of the sphere. For a molecule of the type 
of cystine, a model, consisting of two point dipoles of moment m perpen- 
dicular to a common diameter and each situated at a distance l from the 
center, is useful. In this case equation 41 reduces to 


£5 


( 0 ) 


8 irNe 1 /li 2 (1 + cos tp) 


f _ 2^ + 3 (l\* 

n-o (2 n + l)[n + 2 + (n + l)<r] \aj 


2303 (DiT) 2 a 
where ^ is the angle between the two dipole moments. 


Ellipsoid 

When the cavity w 0 is ellipsoidal in form, we may conveniently employ 
confocal elliptical coordinates, X, 17 , <p f where X = (n + r 2 )/R , and rj = 
(ri — r 2 )/R, n and r 2 being the distances of the point from the respective 
foci and R the interfocal distance. The angle <p measures the inclination 
of the plane of n and r 2 to a chosen reference plane containing the major 
axis. The cavity w 0 is then specified by a value X 0 equal to the reciprocal 
of the eccentricity of its elliptical section. We suppose the charges 
e\ ... e, of the dipolar ion to lie on the major axis of the ellipsoid. 
We shall further neglect the image distribution induced in the cavity 
wo by the real ionic charge. Potentials satisfying Laplace's equation and 
having the proper singularities are the following 


= 2 A n P n (ri)Qn(\) 

n«-0 




ei 


S 2>o | r - r, I 


+ E B n P„( v )Q n {\) 

n-0 


(43) 


where the P„(X) and Q»(X) are the Legendre functions of the first and 
second kinds, respectively. 

The boundary conditions are 


^.(Ao, 17 ) = M*o, v) 

d (3eL“ a ($U _ 


1 <v£+l 


(44) 
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On the boundary of m the initial terms of the second of equations 43 may 
be developed in the Neumann expansion, 


Z fTTp- VI - I £ (2W + l)G»P»(u)<?n(Xo) 

j-i Do | r — I R n-o 

G» - t, e,Pn(vi) 

i-1 


(45) 


where (1, rji) arc elliptical coordinates of the dipolar ionic charge e*. Ap- 
plication of the boundary conditions 44 to equations 43 and 45, use of 
the orthogonality of the functions P n (17), yields the set of linear equations, 


A n Qn(Xo) = PnPn(Xo) + (2/B)(2fl + 1 )<?nQn(X 0 ) 

4nQ'»(Xo) = <r[B«P:(X 0 ) + (2/J?)(2n + DG.QUXo)] (46) 

where Qn(Xo) and Pl(X 0 ) are the first derivative of the indicated functions, 
and a is the ratio Do/D. Solution of the equations 46 and elimination of 
the derivative Ql(X 0 ) by means of the formula 


yield 


PnQ'n ~ PnQn - (1 ~ X 2 )"* 

A = 2ff (2 n + 1) G, 

1 + (X? - 1)(1 - ff)>l(Xo)Q„(Xo) 

B = 2(<T - 1} (2w + 1 )Gn 

" P 1 - a[P'„(Xo)Qn(Xo)]/[P„(Xo)Q:(Xo)l 


(47) 


We now calculate V t k by means of the formula 


V t k = 2 W^X*, 17*) 


(48) 


and obtain, neglecting or in comparison with unity in the denominators on 
the right-hand side of equation 47, 

T 7 _ y ( 2 tt + 1 )G n Pn(vk)Qn(\k) 

DR « 1 + (X? - 1 ) P n (X 0 ) Qn(X 0 ) i ; 

The sum begins with n equal to unity since Go, the total charge of the 
dipolar ion, vanishes. By a simple algebraic transformation equation 49 
may be written as follows 


Vtk = 


2z k e 

DR[ 1 + (Xo — l)Qi(Xo)] 


Z (2 n + l)<? B Pn(u*)Qn(X*) + Y(\ k)Vk ) 
»— 1 


Y{\ k ,vk) = - (X - ^ 1)Z * e (50) 

V (2n + 1 )G b (Qi(Xo) — Pn(Xo)Q B (Xo)] p / \q (\\ 

[1 + (Xo - i)P;(Xo)Qn(Xo)]fl + (X? - l)Qi(Xo)] nKVk)VnK k) 
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The term Y (X*, Vk) vanishes for the limiting eccentricities zero and unity 
of the ellipsoidal cavity « 0 and can be neglected without great error for 
intermediate eccentricities. We therefore have, approximately, 


Vik = 


2 z*e 


DR[ 1 + (Xo — l)Qi(Xo)] *” 1 


E (2« + l)OnPn(vk)Qn(\k) (51) 


When the charge distribution of the dipolar ion consists of two charges 
+e and —e situated at the foci (1, 1) and (1, —1), respectively, we have 

On = e[l - (-1)"] (52) 

and the series in equation 51 may be summer! to give equation 15, when 
we note that 1 + (X* — l)Qi(Xo) is equal to 

On the other hand, when the charge distribution consists of a point dipole 
of moment fi at the focus (1, —1), the G„’s have the form 

G n = lime \pJ-l + %) - (-l) n l 

*-o L \ «/ J (53) 

li — lim (cx) 

x—*0 

and calculation yields 

G n = (— l)"n(n + 1 )n/R (54) 

Summation in equation 51 with the G n of equation 54 yields equation 19. 
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INTRODUCTION 

In discussing protein kinetics we shall make use of quantities related in 
the following equation (14) 


jfe' = k ~ exp (—AF*/RT) - * ^ exp (- A H'/RT) exp (AS'/R) ( 1 ) 

n h 

h 7 l 


Here k' is the specific reaction velocity constant in reciprocal seconds; 
k is a transmission coefficient (taken as unity in this paper) ; k is the Boltz- 
mann constant; h is Planck’s constant; T is the absolute temperature; 
A F x is the free energy increase when the activated complex is formed from 
the reactant; A H x and A S x are the analogous increases in heat and entropy; 
K x is the equilibrium constant between activated complex and reactant 
(both taken as ideal solutes); and y n and y x are the activity coefficients of 
reactants and activated complex, respectively. If there is more than one 
reactant, then 7 „ is the product of the activity coefficients. The same 
generalized interpretation applies to 7 *. 

From equation 1 we have 


and 


A H l = RT* - RT 


AS* 


AHj- _AF* 

T 


( 2 ) 


1 Presented at the Symposium on the Physical Chemistry of Proteins, held at 
Milwaukee, Wisconsin, September, 1988, under the auspices of the Division of Physi- 
cal and Inorganic Chemistry and the Division of Colloid Chemistry of the American 
Chemical Society. 
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If the activated complex D is formed by the reaction 

A + B + C+ ----D + E + F + --- 


the concentration of D is 

(D) _ K*(A)(B)(C)7 A 7bVC ••• 
(E)(F)7d7e7F * * ’ 


The rate of reaction is then obtained by multiplying this concentration of 
D by the frequency of flying apart, kT/h, and the transmission coefficient, 
k, i.e., the chance that flying apart will successfully end in reaction. This 
gives: 


kT = RX (A)(B)(C) • * » 7a 7 b 7c ‘ • 
h (E) (F) * • • 7d 7e 7f • • * 


K 


kT 

h 


Dividing out the concentrations on the right of this expression, we obtain 
the specific reaction rate constant as given in equation 1. 

Whether the solvent should be thought of as taking part in the equi- 
librium leading to D depends on how the standard state is defined, just as 
in ordinary equilibria. Whenever activity coefficients vary rapidly with 
concentration, it is an indication that a strong interaction between solvent 
and reactants has been ignored. An alternative procedure is to redefine 
the standard state in such a way as to include the solvent as a reactant in 
the equilibrium. Thus the activity of hydrochloric acid at 1 molal con- 
centration is 0.676, while at 16 molal it has become 478,000 (20). This of 
course is because of a hydration in the dilute solution which is no longer 
possible in the concentrated solution. It, however, illustrates the im- 
possibility of ignoring the solvent in choosing a single standard state with 
reasonably constant activity coefficients in such reactions. The same 
difficulty is sometimes encountered in rate problems. 


Part of the difficulty in the productive use of the theory of absolute 
reaction rates applied to proteins lies in the paucity of reactions character- 
istic of proteins as such. Reactions of the nature of acetylation, etc., are 
characteristic of fortuitous groups in particular proteins, but not of a 
protein. One can imagine a substance which would not undergo any 
specified reaction of this type but which would yet be a good protein. 

Characteristic of proteins as a class are the reactions of hydrolysis and, 
fairly generally, denaturation. Hydrolysis of a protein is in large measure 
the hydrolytic splitting of the peptide bond. The theory of absolute 
reaction rates shows that the quantity that governs rates is the free energy 
of activation rather than the heat of activation alone, so that it is quite 
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conceivable that, even though the latter quantity be equal in several 
cases, the rates may be quite different because of a difference in the entropy 
change. 

In this connection the most unequivocal data are those of Escolme and 
Lewis (12), who measured the rates of hydrolysis of acetylglycine and 
benzoylglycine. The values of A H\ the heat of activation, are almost 
identical in the two cases (21,184 and 21,084 cal. at unit hydrogen-ion 
activity), but the values of AS*, the entropy of activation (—24.8 and —31.8 
cal. per degree, respectively), give reaction rates differing by over thirty- 
fold. This difference of 7 units in the entropy of activation has been 
accounted for by the difference in the loss of rotational entropy of internal 
degrees of freedom on the part of the respective substances when the 
activated complex is formed (14d). 

In general, however, the kinetics of protein hydrolysis are fairly regular, 
and it is in the case of protein denaturation that the theory of absolute 
reaction rates exhibits its power as a tool. Denaturation of proteins is 
characterized by quite abnormal values of activation heats and yet is 
regularly of the first order with respect to protein. 

Recently (3, 26, 14c) the process of denaturation has been pictured as the 
simultaneous breaking of a number of weak bonds in the molecule with a 
resulting loss of structure, or, what amounts to the same thing, a large 
increase in randomness. The fact of finite rates coupled with large heats 
of activation necessarily implies a large increase of entropy with activation. 

Steinhardt (35) and La Mer (18), on the basis of the work of Steinhardt 
on the inactivation of pepsin, have considered the matter from a somewhat 
different point of view. Steinhardt’s data show that, through a restricted 
pH range, the rate of pepsin inactivation near the neutral point increases 
almost exactly as the fifth power of the hydroxide-ion activity. Enzyme 
inactivation proves that some particular group or groups have disappeared 
but leaves us in the dark as to what further changes accompany it. This 
pH dependence indicates, as these authors point out, that the reactive 
form in this reaction is an ion quintuply more ionized than the stable form. 
However, to get what they term the true heat of activation, the usually 
accepted value, i.e., 


lf mi d In k' 
RT "d T 


RT 


is corrected by subtracting the heat necessary to bring about this quintuple 
ionization. 

An analysis of Steinhardt’s results is given in table 1. Here the symbol 
Po refers to the protein before the five protons have been lost to transform 
it into P». By a further activation of P s the activated complex P{ is 
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formed. The values in the first row are calculated directly from the 
measured reaction rates at a pH where most of the protein is in the form Po. 
We assume, following Steinhardt, five equal dissociation constants, Ko, 
whose values arc 1.74 X 10 -T at 26°C. and 1.024 X 10~ 7 at 16°C. In row 3, 
K' is the value of (P*)/(Po) at pH 6.7 and is equal to (JCo/oh)** From the 
values in rows 1 and 3 those in row 2 follow at once. 

It is apparent that at pH 6.7 almost all of the activation entropy of P« 
going to Pj is associated with the preliminary ionization of protons into 
solution to give P ( . This large entropy increase is due to the fact that the 
protons are ionizing into a solution of very low hydrogen-ion activity. 
When ionization takes place into a solution of unit hydrogen-ion activity, 
we note that there is little or no entropy of ionization (row 4). This last 
way of calculating a specific rate constant by including explicit account of 


TABLE 1 

The kinetic* of pepsin inactivation 


pH 

PBOCBSS 

LOOM k' B6C.~* 

Afl* 

A F* 

AS* 



a»*c. 

15*C. 




m 




calories 

calorie « 


m 

P.^P| 

P* - Pf 

-6.996 

-8.716 


26,955 

135.9 

m 

-1.696 

-2.266 

EjfS: 

19,737 

8.8 


LOGlO K' 

A H 

A F 

AS 

5.7 

Po-*P. 

-5.3 

-6.45 

mm 

7,218 


0 

P, + 6H,0 - P, + 5H, + 0 

-33.8 

-34.95 

mfmm 



0 

SHOAc -f* 5H*0 — » 50 Ac” + 5H^O 

-23.75 


-485 

32,350 



the hydrogen-ion activity is the accepted procedure of adopting a standard 
state used for ordinary equilibria. 

It is highly desirable, wherever possible, to adopt the same standard 
states for defining reaction rate constants as for equilibria. Reaction rate 
constants if properly measured, i.e., with due regard to activity coefficients 
of reactants and activated complex, are functions only of temperature and 
pressure. However, with the data at present available this is usually im- 
possible, so that the calculated values of AF*, A#*, and AS* given refer, 
in general, to the unspecified standard state under which the measurements 
happen to be made. Sometimes certain reactants are even omitted in 
calculating the specific reaction rate constant, k'. For such a k' the 
standard state of the omitted reactant is the activity at which it happened 
to be present in the solution. Some, although by no means all, of the 
abnormally large activation entropies of protein reactions are due to failure 
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to include the hydrogen-ion concentration properly in calculating the 
specific reaction, rate constants. 

Row 2 in table 1 shows an apparent entropy of activation of Pi of only 
8.8 units, so that the amount of “opening up” of the protein molecule seems 
at first glance insignificant. It is, however, apparent that the protein in 
the preceding ionisation acts as a very peculiar acid. When we compare 
the entropy involved in ionising five moles of acetic acid, we find —110 
units in place of —3. This difference indicates that the actual increase 
in the entropy of “opening up” the protein molecule may be in the neigh- 
borhood of 100 units, when P| is formed from P(. The opening up of the 
protein structure measured by this entropy increase is probably associated 
with the breaking of salt bridges between groups such as — NH* and 

— coo-. 

Mirsky and Pauling (26) assumed that such acid and basic groups were 
held together by hydrogen bonds which were broken by denaturation. 
Sookne and Harris (34) find that salt bonds do not contribute greatly to 
the strength of wool. This is at least consistent with our view that in 
the process studied by Steinhardt the chief contribution to the free energy 
of activation is in the breaking of covalent linkages less influenced by pH 
than the above electrovalent salt bridges. 

Cohn, McMeekin, Edsall, and Blanchard (10) have considered the 
possibility of salt-bond formation in proteins. They were, however, 
concerned with the additional bonds which can form in the denatured 
protein as a result of the greater flexibility consequent upon loss of struc- 
ture. The salt bonds here considered are those which stabilize the native 
protein with respect to the activated complex. Dr. Anson* points out 
that stabilization by salt bonds involving free amino groups cannot be of 
primary importance, since substances such as formaldehyde, although they 
react with the amino group reducing the basicity, do not greatly reduce 
the stability of the native protein. 

The apparent entropy of activation for denaturation passes through a 
maximum at a pH of maximum stability. On the alkaline side the decrease 
in AS* below the maximum value is due to a change in process. This is 
brought out in table 1 where, as the pH increases, the activation process 
will be seen to change from P 0 — » Pi with AS* = 135.9 units to the process 
P§ — ► P| , with AS* = 8.8 units. On the other side of the pH of maximum 
stability, as the pH decreases, the same process can take place with values 
of AS* decreasing from 127.1 at pH 5.7 to —3.1 at pH 0. 

The final step in activation lies in the breaking of one or more bridges 
which are not destroyed by ionization, such as a covalent bonded cystine 
bridge. Such a process cannot “pay its way” with an increase in entropy 


'Private communication. 
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compensating for the higher energy, since it probably involves hydrolysis 
of the S — S bond, at least as a first step. 

Salt bridges and covalent cross linkages particularly due to cystine 
have been frequently spoken of (37, 5, 8, 10). 

The behavior of cystine itself fits this picture well. Lavine (19) finds 
an easy hydrolysis of cystine into cysteine and sulfinic acid when catalyzed 
by mercuric ion. The ease of reversibility of this dismutation is suggestive 
in connection with the reversibility of denaturation. Lavine found a 90 
to 92 per cent cystine recovery on removing the mercury. Shinohara and 
Kilpatrick (33) noted a spontaneous dismutation of cystine to cysteine 
and oxy acids under proper conditions. From their semi-quantitative 
data we obtain a value for A H x of the order of 20,000 cal. By analogy 
with hydrolysis of peptide linkages (12) we expect about this value for A H x 
and also a negative A S x of the order of —20 to —30 units. The fact that 
in the case of pepsin there is an actual increase in entropy of 8 e.u. may 
well arise from the consequent loosening of the protein structure. 

It is interesting to inquire why the activated complex should be more 
highly ionized than the normal pepsin. The explanation follows imme- 
diately from the concept that the activated complex contains broken salt 
bridges and as a result approximates the isoelectric state over a much 
shorter pH range. The reason is that, since the positive and negative 
groups which in the normal state formed the salt bridges are no longer 
adjacent, it becomes easier in alkaline solution for the amino or for the 
imino group to lose its proton and likewise, in the more acid range, easier 
for the negative carboxyl group to acquire a proton. 

If the breaking of a salt bridge is, as we believe, an important step in 
the activation process leading to denaturation, there is a critical pH on 
either side of which salt bridges are automatically broken. The pH of 
maximum stability will not in general coincide with the isoelectric point. 
Thus if a protein contains a large excess of acid groups and a low isoelectric 
point, the pH of maximum stability will be higher than the isoelectric 
point. This is well exemplified in the cases of pepsin (isoelectric point, 
2.85; pH of maximum stability, 5.28) and of egg albumin (isoelectric point, 
4.55; pH of maximum stability, 6.76) (28). By the same token, if basic 
groups are largely predominant, the relation between these two points 
should be reversed. * With a protein like hemoglobin, the isoelectric point 
of which is very close to neutrality and which probably has nearly the same 
number of acid and basic bridge-forming groups, the pH of maximum 
stability should practically coincide with the isoelectric point. Table 3 
shows that this is the case. Proteins with very acid isoelectric regions 
will, according to this rule, be expected to have maximum stabilities at 
more alkaline pH values, since their comparatively acid isoelectric points 
arise from an excess of acid over basic groups. 
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An instructive example of the fact that the important quantity in 
activation is th$ free energy rather than the heat is given by the case of 
trypsin. From Pace’s data (29) we get a value for AH* of activation of 
40,000 cal. at pH 6.5, while Anson and Mirsky (2), from thermal equi- 
librium data at pH 2 to 3, find AH for the equilibrium to be 67,600 cal. 
Unless there is a change of nearly 30,000 cal. in these values in the pH 
range between the two sets of measurements, one is led to a negative value 
for the heat of activation for recovery of enzymatic activity. At 60°C., 
however, this latter rate is seven times smaller than the rate for the loss of 
enzymatic activity. Any cutting down of Pace’s value for the heat of 
activation because of the difference in pH for the two experiments would 
lead to a still more negative heat of activation for the recovery of enzy- 
matic activity. Such a reaction, interpreted in terms of collisions between 
water and enzyme molecules, would involve an exceedingly small steric 
factor. 

Anson and Mirsky find a total entropy increase of 213.1 units for the 
equilibrium, whereas Pace’s data on activation show that the activated 
complex has only 44.7 entropy units more than active trypsin. This 
means that the formation of the activated complex from the inactive 
trypsin, for the reaction in the reverse direction, must take place with the 
loss of 213.1 — 44.7 or 168.4 e.u. Thus the free energy of this reverse 
reaction is not negative but has at 50°C. the value 26,800 cal. (AH* — 
TAS* — 40,000 — 67,600 + 323 X 168.4), giving a normal reaction rate. 
It will be seen below (table 3) that a negative temperature coefficient is 
obtained for the denaturation of egg albumin by urea. In such a case the 
ordinary collision viewpoint is less illuminating than thinking in terms of 
an equilibrium between the activated complex and normal molecules. In 
the latter case we draw on whatever knowledge there is of analogous 
equilibria. More accurate trypsin rate measurements will probably alter 
somewhat the above provisional calculations. 

It is unfortunate that there are no other data analogous to those for 
trypsin discussed above. The results of Anson and Mirsky (1) on chemical 
denaturation involve the heat of combination of the protein with the 
denaturing catalyst, the value of which is not known. The unusual fact 
that AH for equilibrium exceeds AH* for activation means, of course, that 
after activation there are many bonds that open spontaneously, because 
for them the net value of TAS exceeds AH. 

II 

A general view of the kinetics of protein denaturation (and enzyme or 
hormone inactivation) is presented in tables 2 and 3. Table 2 includes 
for the most part data for ordinary water denaturation (or inactivation). 
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These data bring out in a very striking manner the fact that the apparent 
heat of activation, obtained from the temperature coefficient, while im- 
portant, is not in itself the dominating factor. Specifically one may point 
out two reactions at 50°C. (those of pancreatic proteinase and goat hemo- 
lysin), with heats varying between 38,000 and 198,000 cal. but with rates 
which are equal to within a factor of less than 2. The ratio of these rates, 
if the entropy were the same in the two cases, should be 10 107 at 50°C. 

TABLE 2 


Kinetic » of denaturation and entyme inactivation 


SUBSTAKCS 

t 

V 

MBC.-l 

A H X 

AS* 

AJF* 

TAS* 

pH 

Insulin (16)* 

•c. 

80. 

1. 

X 

10” 4 

ealoritt 

35,600 

ealoriu 

23.8 



1.5 

Pepsin (36) 

25. 

5.47 

X 

10- 4 

55,600 

113.3 

E 


6.44 

Leucosin (23) 

55. 

1.2 

X 

10-* 

84,300 

185. 



6.1 

Egg albumin (21) 

65. 

2.54 

X 

10“ 4 

132,100 

316.7 



5.0 

Hemoglobin (21) 

60.5 

4.3 

X 

10- 4 

75,600 

152.7 

24,700 


5.7 

Trypsin (29) 

50. 

2.83 

X 

10“* 

40,160 

44.7 

25,700 

BnPnJ 

6.5 

Enterokinase (33) 

50. 

7.37 

X 

10~* 

42,160 

52.8 

25,100 

B 


Trypsin kinase (34) . . . 

50. 

3.17 

X 

10-» 

44,260 

67.6 

25,700 



Proteinase (pancre- 
atic) (36) 

50. 

1.27 

X 

10- 4 

37,860 

40.6 

24,750 

BH 


Lipase (pancreatic) 
(26) 

50. 

1.18 

X 

10-» 

45,360 

68.2 


H 


HemolyBin (goat) (15). 

50. 

2.09 

X 

10- 4 

198,000 

537. 

24,550 

173,500 


Vibriolysin (15) 

60. 

3. 

X 

10-* 

127,950 

326. 

22,650 

105,300 


Tetanolysin (15) ...... 

50. 

2.1 

X 

10- 4 

172,650 

459. 

24,350 

148,400 


Peroxidase (milk) (42) . 

70.1 

5.1 

X 

10” 4 

185,300 

466.4 

25,300 

160,000 


Rennen (4) 

50. 

6.7 

X 

10“* 

89,350 


22,130 



Amylase (malt) (24)... 

60. 

8. 

X 

10“ 4 

41,630 

52.3 

24,230 

BQ 


Invertase (yeast) (13) 

50. 

7.7 

X 

10-* 

52,350 

84.7 



5.7 

Invertase (yeast) (13). 

55. 

5. 

X 

10-* 

86,350 

185. 

25,700 


5.2 

Invertase (yeast) (13). 

50.2 

3.5 

X 

10“» 

110,350 

262.5 

25,500 

84,840 

4.0 

Invertase (yeast) (13). 

55. 

3.75 

X 

10~ 4 

74,350 

152.4 

24,400 


3.0 

Emulsin (wet) (39) 

60. 

4. 

X 

10-* 

44,930 

65.3 

23,200 



Emulsin (dry) (39) — 

100. 

1.48 

X 

10~ 4 

25,550 

-7.86 

28,500 



Lipase (dry) (27) 

120. 

4. 

X 

10- 4 

(24,200) 

(-13. ) 

(29,300) 




* References to the literature are given in parentheses. 


Naturally AF*/T does not vary greatly for these reactions. For a con- 
veniently measurable reaction rate between, say, 25°C. and 70°C. the 
free energy cannot vary much. (For example, for specific rates between 
10 - * and 10 - * at temperatures between 25°C. and 70°C., AF* can vary 
through a range of 6500 cal.) In table 2, except for the two cases of dry 
heating, the values of A F* vary from 21,900 to 27,200, or through a range 
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of 6300 cal. These AF : values are to be compared with the corresponding 
values of TAS*, # where an entirely different situation obtains. TAS* 
values vary over a range of more than 150,000 cal. 

In many studies the pH has not been reported. It will be considered 
in discussing table 3, but in table 2 the data for invertase are striking. 
Here any variation of A F* is small enough so that the slightly different 
temperatures at which the measurements were made obscure any notice- 
able trend, whereas TA/S* varies by over 57,000 cal. in the pH range, 3 to 
5.5, and passes through a distinct maximum at about pH 4. 

The apparent abnormalities met with in reactions of the type sum- 
marized in table 2 are, at least in some cases, due to the method of calculat- 
ing k\ a method which does not take into full account all substances in- 
volved in the equilibrium between the normal and the activated states of 
the reacting system. As we have previously stated, in effect it amounts 
to choosing a variable standard state for this equilibrium. To obtain a 
value of k' which is really constant (i.e., depending only on temperature 
and pressure), it would be necessary to include in this constant the activi- 
ties of all substances which enter the equilibrium between the normal and 
the activated states. Suppressing any of these amounts to treating as 
unit activity the actual activity of the suppressed substance at which k' 
is measured, and thus may involve a different standard state for each 
measurement. It is analogous to ignoring the activities of certain of the 
substances entering into any equilibrium. The value of K would change 
with changes in the activities of these ignored substances. For example, 
if the constant for the ionization of phosphoric acid were formulated as 
(POr )/(H*P0 4 ), the value of this ratio would certainly change enor- 
mously when measured at widely differing hydrogen-ion activities. 

However, even if we define our standard state in solution by taking the 
activity equal to the molality at infinite dilution, as Lewis and Randall do, 
there will still be reactions with abnormal entropies of activation just as 
one finds for the hydrogen chloride liquid-vapor equilibrium. If an 
activation process involves an increase or decrease in the number of ions 
present, the consequent “freezing” or “melting” of water around the ion 
will insure abnormal changes in entropy which render hopeless any attempt 
to treat the process by simple kinetic theory. There is, of course, no such 
limitation on the general statistical-mechanical treatment. 

The proteins whose behavior on denaturation has been most widely 
studied are egg albumin and hemoglobin. In table 3 data on the kinetics 
of denaturation of these proteins under varying catalytic conditions are 
given. Specific numerical data are available, in one or the other case, for 
denaturation by urea, acid, alcohol, and water; data are available on 
denaturation by water both in the presence and in the absence of high salt 
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concentration. The process which takes place at pH values fairly close 
to the pH of maximum stability we call denaturation by water. Qualita- 
tively the experimental behavior may be summarized in the following 
statements: 

CO For a given reaction A F* at constant pH decreases slowly but 
steadily with temperature except for urea denaturation. 

(£) On either side of a pH of maximum stability A F* decreases respec- 
tively with increasing or decreasing pH. 

(6) Again excepting the case of urea denaturation, TAS* increases with 
increasing temperature. This may be entirely due to the temperature 
factor, but there are indications that AS* increases slightly with temperature. 

(4) Owing to the possibility of confusing side reactions, such as partial 
digestion, data in alkaline solutions are scarce. In sufficiently acid solu- 
tions, however, AS* decreases with decreasing pH. In the cases of egg 


TABLE 4 

Relative effectiveness of denaturing catalysts 


CATALYST 

OBDBR OF XNC&SASINQ VALTJM OF 

AF* 

ah* 

FAS* 

Urea 

1 

1 

1 

Acid 

2 

2 

2 

Alcohol 

3 

5 

5 

Water 

4 

4 

4 

Salt solution 

5 

6 

6 

Dry heat 

6 

3 

3 





alb umin and pepsin, and ostensibly in general, AS* also decreases with 
increasing pH in sufficiently alkaline solutions. 

(5) It is instructive to arrange the various denaturing catalysts in the 
order of increasing values for the three important quantities A F*, AH*, and 
TAS*. This is done in table 4. 

(6) The effect of alcohol and of ammonium sulfate should be noted. In 
the concentration ranges covered, the values of AH* and TAS* are almost 
parallel. At the maximum respective concentrations, however, AF* is 
rapidly decreasing with increase in alcohol concentration, whereas it is 
increasing with increasing salt concentration. This signifies a more rapid 
increase in AS* with alcohol concentration, where TAS* is gaining on AH*, 
than with salt concentration, where TAS* is falling behind AH*. 

(7) Finally a certain consistency in behavior between egg albumin and 
hemoglobin appears. The value of AS* for egg albumin decreases by some 
250 units between pH 5 measured at 65°C. and pH 1.5 measured at 37°C., 
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while AS* for hemoglobin decreases by about 190 units between pH 5.7 
measured at 60°C. and pH 4.6 measured at 37°C. The change in AS* for 
the two substances would no doubt agree even more closely for more nearly 
the same change in pH. 

Ill 

From equation 1 we see that any change in environment which renders 
the activated complex more soluble (comparatively) than native protein, 
i.e., which preferentially decreases 7 *, will increase the rate of denatura- 
tion. It is at once apparent: ( 1 ) that the temperature coefficient of 
solubility of the activated complex in water and most aqueous solutions is 
greater than that of native protein (concentrated urea solution is an excep- 
tion) ; (2) that a shift in pH in cither direction from a critical value charac- 
teristic of the particular protein increases the solubility of the activated 
complex preferentially; (8) that its solubility is also increased preferentially 
by alcohol-water mixtures, at least up to 30 per cent alcohol, and by other 
chemical agents such as urea, salicylate, etc.; ( 4 ) that, with increasing 
salt concentration, the activated complex is first preferentially “salted in” 
and finally preferentially “salted out”. 

In each of the above-mentioned environments the general mechanism of 
activation is the same. The protein chain is held in a specific configuration 
by side bridges, among which salt bridges and the cystine type of bridge 
are essential. In this latter type we include any bridge not automatically 
broken by an equilibrium shift due to change in pH and not included in 
so-called hydrogen bridges. 

Salt bridges may be broken either by neutralization due to a pH shift, 
in which case the heat involved will be written off as heat of neutralization 
and will not appear in the measured A H* f or they may be broken “ther- 
mally”, in which case the heat involved will be the difference between the 
strength of the bridge bond and the strength of any bonds subsequently 
formed with solvent. This net heat may at times be negative, as in the 
case of concentrated urea solutions, or it may reach values higher than for 
water, as in alcohol or in concentrated salt solutions where the water is 
already tied up by salt ions. So long as we treat denaturation as a mono- 
molecular reaction, it is perfectly legitimate to speak of the AH* given by 
equation 2 as the heat of activation for the particular experimental condi- 
tions under which it is measured. 

We speak of the process of breaking a bridge, or a set of bridges, as pay- 
ing its way if the total TAS* for the process equals or exceeds AH *, giving 
AF* 0. In general we do not expect the breaking of a bridge of the 
cystine type to pay its way unless the process is accompanied by a large 
opening of the protein structure, since hydrolysis is probably involved, 
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where AS* will be negative unless the remainder of the protein molecule 
can more than make it up. 

Certain of the salt bridges cannot pay their way in breaking; others can. 
In general the last few bridges broken more than pay their way, since their 
breaking will permit complete opening up of the protein structure. The 
entropy change for breaking a particular bridge will be the sum of three 
contributing terms: (1 ) that involved in freeing the side chains which form 
the bridge, (2) that involved in freezing solvent molecules t6 the free side 
chains, and (8) that due to the effect of the breaking of the bridge on 1 the 
opening up of the protein molecule. It will be realized that two samples 
of the bridge in a protein molecule may make entirely different contribu- 
tions to the net AS*. If one is among the first broken, its contribution 
may even be negative, whereas if the other is among the last broken, the 
contribution may be very large, owing to the third term listed above. 

If, when breaking, all bridges paid their way under all conditions, de- 
naturation would proceed spontaneously and rapidly to completion. 
Indeed, native protein would be unknown. The process of activation, 
then, consists of the breaking of those bridges which will not pay their way, 
the number of such varying under different conditions. As a specific 
example, egg albumin has many salt bridges at pH 6.76 and a highly 
restricted configuration. When it activates AH* is over 130,000 cal. and 
AS* about 300 units. When the pH is shifted to 1, all the salt bridges are 
broken by ionization. There are, however, two cystine residues found 
per molecule of egg albumin (8). It was shown above (33) that we expect 
a AH* of about 20,000 cal. and a AS* of —20 to —30 units for the hydrolysis 
of the S — S bond. For two cystine bridges these values agree satisfactorily 
with the measured value of AH* for denaturing egg albumin at pH 1 , i.e., 
about 35,000 cal. With AS* we do not, of course, expect such agreement, 
since the opening of the protein molecule brings the measured AS* of 
denaturation up to about 36 units. With hemoglobin the data are equally 
interesting, though the case is more complicated. Hemoglobin has one 
cystine residue per molecule of weight 68,000 (8). Its pH stability range, 
however, unlike that of egg albumin, is only from about 6 to 8 (38). In 
urea solution it goes to a molecular weight of 34,000 (8). At pH 4.1, there- 
fore, we assume hemoglobin with molecular weight 34,000 and only a few 
salt bridges. (Unless the two dissociated varieties differ, there would be 
only the equivalent of one-half of a cystine residue per molecule of weight 
34,000.) Under these conditions the heat of activation is so small (about 
11,000 cal.) that the molecule can activate by breaking a very few bridges 
which do not pay their way (AS* about —35 units). Indeed, if the pH 
were lowered much farther, AF * would decrease so that the rate of de- 
naturation would be immeasurably rapid. In table 3 it is seen that in the 
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pH range 5.5 to 4.2 AF* for hemoglobin is dropping by almost 3000 cal. 
per pH unit, whereas, even in the lower pH range 3.5 to 1.3, not only is 
A F* for egg albumin about 700 cal. higher than for hemoglobin, but it is 
much more nearly constant, dropping by only 1000 cal. per pH unit. 
Apparently, if we were to speak, in terms of Steinhardt’s interpretation, 
of a “real” A H* for hemoglobin denaturation independent of pH, its value 
would not be greater than zero and might conceivably be negative. 

As a r6sum6 of the general denaturation behavior a few remarks may be 
made. The pH of maximum stability is on the same side of the isoelectric 
point as that for the maximum in the arithmetic sum of charges in the 
protein. In the case of the proteins this will be the pH of minimum en- 
tropy. Where the isoelectric point and the pH of maximum stability 
coincide, as in the case of hemoglobin, we expect that the basic and acidic 
bridge-forming groups are essentially equal in number. This need not 
necessarily mean exact equivalence in acid- and base-binding capacity, 
since at high pH the phenolic group of tyrosine, for example, may affect 
the titration curve but will not form a salt bridge. 

When salt bridges are broken, we expect a certain binding or “freezing 
out” of polar solvent molecules on the freed charges (14c). Change of 
solvent from dilute aqueous solution to more concentrated solution will in 
every case affect this “freezing out” process. If the molecules frozen out 
are water, then addition of non-aqueous solvent molecules will lower the 
freezing point of the water, and less will be frozen out. We find that salt 
and alcohol both affect denaturation kinetics in the same way; both lower 
the freezing point of water and prevent its “freezing out.” This effect is 
seen in the progressive increase of AS* with increasing salt or alcohol 
concentration. The heat of freezing of this water is also lost, and AH 1 is 
seen to go up with increasing salt and alcohol concentration. 

Urea would, of course, have the same effect on the water molecules as 
would salt or alcohol, and yet its effect on the kinetics of denaturation is 
in the opposite direction. This probably means that the solvent frozen 
out is no longer water but urea, and that the bonding of urea to the acti- 
vated complex is very strong. This is reflected in the large negative 
entropy of activation. In the absence of urea, at pH about 6, AS* is about 
300 units for the denaturation of egg albumin, whereas in concentrated 
urea solution at the same pH it is —90 units. There is thus a decrease of 
about 400 entropy units when water is replaced by urea as solvent. The 
net heat of binding the urea is also much greater than that for water. Thus 
AH* for this same denaturation in water is about 135,000 cal., while in 
concentrated urea solution it is about —6000 cal., so that the net binding 
of urea is measured by a AH about 140,000 cal. more than is that of water. 

This tendency of urea to form stronger bonds than water is to be ex- 
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pected when it is realized that the dipole moment of urea is about 8.6 Debye 
units (6) and that an 8 molal solution has a dielectric constant of about 108 
at 0°C. (41). 

A quantitative theory can be applied to take account of the change in 
activity coefficients with change in dielectric constant of the solvent. 
Solvent effects occur, however, which are independent of dielectric 
constant. 


SOLVATION AND THE STRUCTURE OF PROTEINS 

r 

To make a hole in a liquid the size of the molecule requires the same 
amount of heat as to vaporize the molecule. To do both simultaneously 
requires twice the heat of vaporization. This fact is of interest in connec- 
tion with theories of protein structure. Thus if one assumes space-enclos- 
ing structures such as those postulated by Wrinch (40), large quantities 
of solvent will be enclosed ( 1 ) in the interior of the molecule and ( 2 ) in the 
space between the protein molecules of a crystal. Spheres arranged in 
simple cubic structure have as much empty space between the spheres as 
the spheres themselves occupy. Actual structures which occur in crystals 
are never quite as loose as this. The unoccupied space for spherical 
molecules is ordinarily of the order of one-quarter of the occupied space. 
Although in ordinary crystals this space remains empty, protein molecules 
are so large that the solvent fills the lacuna. Steinhardt’s (36) solubility 
results for pepsin give values which depend on the relative amounts of 
solid and solvent; this leads him to the conclusion that solid pepsin must 
be regarded as at least a two-component system. This would be expected 
if pepsin molecules were even approximately spherical. 

Removal of the solvent from crystalline proteins by drying or by intro- 
ducing it into a second solvent unable to replace the first should cause 
those molecules having large lacunas to collapse. The degree of instability 
is readily estimated from the above considerations if the size of the holes 
be known. Such a collapse of an enzyme would probably denature and 
inactivate it. Unfortunately the available experimental material does 
not justify a more detailed discussion at this time. 

The authors wish to express their appreciation to Doctors M. L. Anson, 
M. Harris, and J. Steinhardt for helpful discussions. 
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INTRODUCTION 

The recent improvements introduced by Tiselius (15) in the electro- 
phoretic method have greatly increased its importance in the study and 
preparation of proteins. Our contribution to this Symposium will consist 
of a discussion of the principles underlying the Tiselius method, together 
with a description of the experimental procedure involved in the use of 
the method, including such modifications as we have introduced. The 
topics to be considered are (a) the apparatus, (6) the optical principles 
involved in the observation of electrophoretic boundaries, (c) the effects 
of thermal convection, (d) some typical applications of the method, and 
(e) “boundary anomalies”. These will be treated in the order given. 

APPARATUS 

To study electrophoresis of proteins and related materials by the moving 
boundary method it is necessary, in the first place, to form a boundary 
between a solution of the material in a suitable buffer and the buffer itself. 
Passage of current then causes the boundary to move. For this movement 
to be a measure of the mobility of the protein it is desirable, first, that the 
electric field and pH in the neighborhood of the boundary be substantially 
constant, second, that the electrode processes do not involve the evolution 
of gas or other uncertain volume changes, and. third, that the electrode 
products do not reach the regions in which the boundaries are moving. 
These conditions have been admirably met in the electrophoretic appa- 
ratus developed by Tiselius, which, with the modifications that we have 
made, will be described below. 

The cell in which the boundaries are formed and observed is shown in 
cross section in figure 1A and consists of the sections I, II, III, and IV. 

1 Presented at the Symposium on the Physical Chemistry of the Proteins, held at 
Milwaukee, Wisconsin, September, 1938, under the auspices of the Division of 
Physical and Inorganic Chemistry and the Division of Colloid Chemistry of the 
American Chemical Society. 
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These may be slid over one another along the planes a-a', b-b', and c-c'. 
Through the cell runs a U-shaped channel d-d' of rectangular cross section, 
figure IB is a top view of one of the center sections. To form a boundary, 
the channel is filled with the buffer solution of protein to a level slightly 
above the plane b-b', about 10 ml. of solution being required. Section 
III is then pushed to one side, the excess solution in section II is removed, 
and this section is rinsed with buffer. The remainder of the cell and the 
attached electrode vessels to be described are then filled with the buffer. 
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Fio. 1. A, electrophoresis cells in cross section; B, top view of one of the center 
sections. 


The support for the cell and the electrode vessels, together with the 
mechanism for moving the sections of the cell in relation to each other, 
are shown in figure 2. In our apparatus a rack-and-pinion system re- 
places the pumps utilized by Tiselius for this purpose. Turning the 
knurled knobs k-k' attached to the concentric shafts (s) operates the bevel 
gears (g), which in turn cause a horizontal motion of the racks r. Each 
rack presses against a metal insert e, which communicates the pressure 
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to the edges of the horizontal glass plates. The sections II and III may 
therefore be shifted in either direction by manipulation of the appropriate 
knurled knob. 

After filling the apparatus as described above, the silver-silver chloride 
electrodes (E-E' of figure 2) are inserted. For effective operation of these 
electrodes, described more fully later, they must be immersed in a strong 
chloride solution. This is accomplished by carefully introducing the solu- 



Fig. 2. Electrophoresis cell, electrode vessels, and support 

turn through the silver tubes t-t'. These silver tubes, which are insulated 
by the glass tubes (j), also Berve as current leads to the electrodes E-E'. 
We have modified the procedure of Tiselius and our earlier procedure, in 
that one side of the apparatus is closed, care being taken to exclude air 
bubbles. This is accomplished with the ground-glass stopper f and the 
stopcock m. Closing one side is more convenient than having both sides 
open, as the latter procedure involves equalizing the liquid levels on the 
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two sides of the system before forming the boundaries. It also permits 
the use of an improved type of compensation, to be described below. 

With the cell and electrode vessels filled as described, the two boundaries 
are formed in the plane b-b' by returning section III to the position shown. 
A potential from a battery or “power pack” applied to the terminals t-t' 
will then, in general, cause the boundary in one side of the cell to rise and 
that in the other to fall. 

With the design of the apparatus shown in figure 2, filling of the cell 
and electrode vessels, as described, may be carried out in the low-tem- 




Fio. 3. Diagram illustrating the electrode construction 

perature thermostat. Since the stoppers p and p ; are directly above the 
cell, the protein solution and buffer may be introduced with pipets. For 
this purpose we have found a syringe, provided with a long stainless-steel 
needle, serviceable. 

Further details of the electrodes E-E' are as follows. They must be 
capable of carrying currents of at least 30 milliamperes for long periods 
of time without evolution of gas. Sufficient capacity has been obtained 
by winding a flat and a corrugated strip of sheet silver together into a 
tight spiral, as shown in figure 3. The ends of the spirals are anchored to 
a hollow silver core with silver screws. The silver tube is also threaded 
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into this core. This type of construction, suggested by Professor H. P. 
Cady, exposes a large electrode surface to the electrolyte. Air bubbles 
trapped by the electrodes may be easily dislodged. 

OBSERVATION OF THE BOUNDARIES 

Another important contribution to the electrophoretic method made 
by Tiselius was the adaptation of Toepler’s “schlieren” (shadow) method 
(9) for the observation of the boundaries. A diagram of the optical sys- 
tem is shown in figure 4. The image of the slit S, illuminated by the lamp 
L and condenser C, is brought to focus in the plane P by the lens D. The 
schlieren diaphragm, a screen with a sharp, horizontal upper edge, is 
placed in the plane P and may be moved vertically, a micrometer adjust- 
ment being used. The cell E, in which the electrophoresis is carried out, 
is placed as near the lens D as the thermostat construction permits. The 



Fig 4. Arrangement for observation of the boundaries w ith the schlieren method 
L, 5-volt, 18-ampere ribbon filament lamp; C 1 , projection condenser; 8, 0.3 X 15 
mm horizontal slit, D, Dallmeyer portrait lens 6 D, 4 in diameter, 24 in. focal 
length, E, electrophoresis cell; P, schlieren diaphragm, C, ground-glass screen or 
photographic plate; O, Dallmeyer R R lens, 3 in. diameter, 24 in focal length 

camera objective (), placed immediately behind the schlieren diaphragm, 
is focussed on the cell and forms a full-size image on a ground-glass or 
photographic plate at G. Further details of the system as used in obtain- 
ing the results described in this paper are indicated in the legend of the 
figure. 

In the absence of refraction gradients in the electrophoresis coll all of 
the light is brought to focus in the image of the illuminated slit at P and 
enters the camera objective. If, however, a boundary is present in the 
cell, the refraction decreases with increasing height through the boundary, 
and the pencils of light through this region are deflected downward. These 
deflected pencils are intercepted by the schlieren diaphragm and fail to 
reach the screen. Thus the region at G conjugate to the boundary appears 
as a dark band on a light background. This is shown in figure 5. The 
horizontal dark lines are the schlieren bands of the boundaries between a 
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0.5 p(T cent egg albumin .solution in a 0.02 normal sodium acetate buffer 
at pH 5.2 and the pure 1 buffer. The upper and lower photographs are of 
the boundaries migrating in the anode and cathode sides of the channel, 
respectively. Exposures were made at 30-min. intervals, and after four 
exposures the current was reversed. It is of great interest that the re- 
versal brought the boundaries accurately back to their original positions. 

Some of the characteristic features of the schlieren method may bo con- 
sidered with the help of figure 4. The angular deviation of a pencil of 
light in the boundary is proportional, under appropriate conditions, to 



Fig 5. Schlieren hands of a single protein Exposure^ were made at 30-min 
intervals and the current was reversed after the fourth exposure 


the gradient, dw/dx, of tin* refractive index, ?*, and the horizontal breadth, 
a, of the boundary. The displacement, A, of the schlieren diaphragm 
necessary to 'intercept the deflected pencil is also proportional to the 
“optical lever arm,” b. We therefore have the expression 


A 



a) 


in which a and b are constants of the apparatus, and dw/dx varies verti- 
cally through the boundary. As the schlieren diaphragm is raised, the 
first pencils of light to be intercepted are those which have passed through 
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the steepest gradients of refractive index, i.o., the center of the boundary 
if the diffusion and spreading of the* latter have been normal. Thus a 
series of photographs of the boundary with decreasing displacement of 
the diaphragm give an indication of the variation of the refractive index 
through the boundary. Such a series of photographs of the boundaries 
formed in a mixture of rabbit and guinea pig hemoglobins is shown in 
figure 6, the* upper half of the figure referring to rising boundaries and 
the lower to descending boundaries. 

Since the refraction of the solution is substantially proportional to the 
concentration of protein, the sehlieren method may be used to obtain 



Fui. 0. He* hlioron bands, for different sehlieren diaphragm settings, of a mixture of 
rabbit and guinea pig hemoglobins. 


quantitative* estimate's of ihe concent rat ions of the various constituents. 
Thus, if the cell image at the photographic plate* is masked by a narrow 
vertical slit, a slow horizontal movement of the plate simultaneously 
with the vertical displacement of the sehlieren diaphragm produces auto- 
matically on the plate a transparent area proportional to jAdx. Reference 
to equation 1 shows that 


A d.r = 


/ 


nb 


d.r — abA?t 
dj* 
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in which An is the refractive index increment due to the protein constituent 
causing the boundary in question. This modification of the schlieren 
method for quantitative analysis has been described in two papers from 
this laboratory (6, 7), 


REDUCTION OF THERMAL CONVECTION 

The chief problem in electrophoretic methods is the elimination of 
mixing due to thermal convection. If a current of electricity is passing 
through a conducting solution in a tube, heat is generated in each volume 
element of the solution but flows to the thermostat only through the wall 
of the tube. The solution along the axis of the tube is thus hotter than 
at the wall. Normally, therefore, the solution at the wall will be heavier, 
and in falling will give rise to convection currents. We shall consider, 
as a typical example, a current of 0.006 ampere passing through a solution 
the specific conductance of which is 0.0038 mhos (0.1 N sodium acetate 
at 0°C.) in a cylindrical tube of 5 mm. internal and 10 mm. external 
diameter. The formula 2 which describes the temperature of the solution, 
t a , in the steady state as a junction of the distance*, r, from the axih is 


/ t - IU r 2 

ir -° itiK, r 


The corresponding formula for the temperature of tin* glass, t g , is 


, . a I 2 e . b 

t 9 -t o == ,, In 

2k h a r 


( 2 ) 


(3) 


In these equations a and b arc* the inside and outside radii, respectively, 
of the* tube, K n and K g arc* the thermal conductivities of the solution and 
glass, I is the current density, e is the* electrical equivalent of heat, and 
to is the thermostat temperature*. Using equation 2, the solution along 
the axis of the tube is 0.65°C. hotter than at the wall, and from equation 3 
the drop in the wall is 0.67°(\ The computed temperature distribution 
is given in figure 7a, in which the temperature increase, At, over that of 
the thermostat is plotted against the distance from the axis of the tube. 
If the thermostat is regulating at 25°(\, this temperature gradient in the 
buffer solution is accompanied by the density variations shown in figure 
7b and, as has been stated, it is these* differences which cause mixing, by 
convection currents, of the solution in the tube. If, on the other hand, 

* These equations are from a private communication from Dr. Melvin Mooney. 
The authors wish to acknowledge gratefully this aid, which has been of service to 
them both in this work and in their earlier work on the determination of transference 
numbers by the moving boundary method. 
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the thermostat is regulating at 0°C., the density differences in the solution 
are much less and the variation is in the opposite direction, as shown in 
figure 7c. The contrast between the curve* of 7b and 7c arises from the 
fact that this buffer solution has a maximum density at 2.85°C. (2). If, 
in this particular example, the thermostat temperature were regulated 
at 1.85°C., the average temperature in the tube would be 2.85°C., and 
the density gradient would be a minimum, as indicated by the horizontal 




Distance in fnm from axis of tube 

Fig 7 Distribution of temperature and den<nt\ in a salt solution, in a cjlindncul 
tube, during passage of electric cunent 

line in figure 7d. Sonic preliminary measurements of the temperature 
variations in a rectangular channel indicate that they are of the same 
order of magnitude as those indicated in the example just given for a 
cylindrical tube. 

In spite of the fact that the density differences produced by temperature 
gradients are, as indicated in figure 7, very small, the recent great advances 
in the eleel rophoretie method are due to the important observation of 
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Tiselius that convection can lx* largely eliminated by working at tempera- 
tures near that of maximum density. The coin] >u tat ions suggest that 
further progress may he made by additional knowledge of the temperature 
of maximum density of the buffer solutions used and of the actual tem- 
perature distribution in the electrophoresis cell. Investigations along 
both these lines are in progress by I)r. T. Hhedlovsky of this laboratory. 

SOME TYPIC \ L APPLICATIONS OK THE ELECTROPHORETIC METHOD 

One of the most interesting uses of this electrophoretic method is the 
determination of the mobilities of proteins as a function of the pH and the 
ionic strength of the buffer solution in which they an* dissolved. The 
following data for a typical experiment wen* obtained in collaboration 
with 1 )rs. Karl Landsteiner and van dor Sclieer (4). The protein was 
crystalline albumin from guinea hen eggs. A 0.5 per cent solution was 
prepared in a 0.02 normal acetate buffer at pH 5.10. The specifa* con- 
ductances, at ()°(\, of tla* buffer and protein solutions, as measured on the 
bridge* described by Shodlovsky (10), wore essentially the same and equal 
to 0.000832 mho. The current, measured pot ent iomoirieally, was prac- 
tically constant throughout the* experiment and equal to 0.00070 ampere. 
From a calibration with mercury the* cross-sectional area of the* channel 
in the cell was known to be uniform and equal to 0.815 sq.cm. The 
cunrnt density was, therefore, 0.00833 ampere and the electric field 10.01 
volts per centimeter. The schlieren bands were* photographed, using 
unit magnification, at 30-min. intervals and are shown in figure 5. As 
mentioned earlier in connection with this figure, the current was reversed 
after the* fourth exposure and the* boundaries returned accurately to their 
original posit ion The* displacement of the boundary mewing upward 
into buffer during the 00-min. intenal before 4 reversal e>f the* current was 
2.05 r , cm., gi\ ing 3.80 r , X 10 1 cm. per second as the* velocity and -3.80 X 
10 *' cm. per second per volt per centime*! er as tlx* mobility of tlx* protein, 
the* migration being anodic. The* corresponding displacement oi the* 
bou lie la ry mewing int e> protean was 1.00& cm., giving a mobility of —3.70 X 
10 r \ The* average* from the* two be>undarie*s is thus —3.75 X JO 
The gre*ate*r displaee*nx*nt e)f the boundary mewing into buffer has lx*e*n 
quite ge*ne»rally observed and will lx* diseusseel late*r in this paper. 

In adelitiem te> the inc*asiireine*nt of mobilitie*s the method furnishes 
information as t e» the* purity and homogeneity of the protein solution and 
also may lx* adapted to separation of the components of a mixture. This 
latter application, calk'd “eloctroplmretie analysis” by Tisedius, is illus- 
trat(*d in figure 8. Suppose a mixture of proteins A, B, and (\ for wdiich 
the* (positive) mobilities are it A > t/ B > // ( «, is ]>laeed in the e*ell as shown 
in figure 8a. Movement of the* bottom ce*nter section of the cell to the 



KLEfTKOPITOIttiRlH OF PROTUINH 


281 


right will bring the protoin and buffer solutions into coni net in the plane «. 
On passage of a current three boundaries will appear in the upper cathode 
and in the lower anode sections, as is shown in figure' Sl>. It is evident 
fremi the figure' that, in the ide'al case assumed, there is a separation e>f pure 
coni]K)nenl A in the region between the' two leveling boundaries on the 
cathode siele* and of pure compone*nt (’ bed ween the* two slo\\e*st boundaries 
on the* anode siele. He>\\evei\ if the* elect rolysis is continued as indicate'd, 
be ‘tore any large preventions of A and V have* l>e*on se*parat(*d, the bound- 
aries will have* migrated out e>l the* e*dl in one* case* and into the* bottom 
sectiem in the othe*r. Howe*veT, if the* se'coud boundary e*ouid be* given 
an appare*nt voloc*ity of zero, as indicate'd in figure* Se, while* the* leveling 
boundary me)ve*s through the* length of one section, isolation of this section 


Solution 



Buffer + Proteins A, B,C u A >u B >u c >o 

A be 

Fkj. 8. Ideal electrophoresis of a protein mixture* 


from the others would make possible* the recovery of a solution of pun* A 
fremi the upp<»r eathoele portiem of the* cell. Hjmultam*emsly, as indicate'd, 
the slowest component would have an apparent ncgalivc velocity, and 
pure V could be rccovcreel from the* upper anode section. As a matter of 
fact, a bejundary can be* given any appanmt vclewity elesireel by a displace- 
ment e>f the entire solution of the* e*e*ll. Such elisplaccments have* be*en 
ae*e*e)mi)lished in a variety of ways. In Smith’s (11) moving boundary 
apparatus this was done* by the* withdrawal of mercury, while* Collie and 
Hartley (1) useel a piston drive'll by clockwork. In Tisedius* apparatus 
he* elisplace's the boundaries by withdrawing, with eloekw T ork, a loosely 
fitting plunger in one of the electreidc vessels. We have used this method 
also, but in the more re*ecnt apparatus described in this paper we have 
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kept one electrode vessel closed and have displaced the solution in the 
cell by forcing buffer into this side from a syringe, the piston of which is 
displaced, at the desired rate, by a threaded rod operated by a synchronous 
clock motor. 

Figure' 9 is the electrophoretic pattern, obtained in collaboration with 
Dr. Karl Landsteiner, of a water-insoluble fraction of a naturally occurring 
mixture* of plant proteins. The three bands indicate the* presence of three 
well-defined constituents. Having demonstrated the complexity of 
the protein material, it was of importance to locate a certain biological 
activity which one* of the* components possessed. To this end the leading 
components were separated, using the compensation method outlined 



Yiu 9 


£ 


£ 

// ^ 

B 


£ 

P' 




« e 

B' 



P 


P 

P 



P 




P 









a b 


Ftg 10 


Fir, 9 Fleet mphoi otic pattern of water-insoluble fiaetion of a mixture of plant 
pint cuts 

Fh. 10 J luigiamniatic representation of boundary formation and inigiation 
during olectiophoi esis 


above*. The*y exhibited no activity, whereas the slow component diel possess 
the activity. An electrophoretic study of the water-soluble fraction, 
which was also active, indicated the presence of a single protein with a 
mobility near that of the active material in the w T ater-insolublo fraction. 
The possibility remained that the two active proteins were identical, the 
ammonium sulfate separation having possibly been incomplete. This 
question was answered unambiguously by analyzing electroplioretically 
a mixture of the two active proteins. Two bands were obtained, indicat- 
ing the separate identity of the two proteins. 

In electrophoretic analysis, using compensation, it is frequently neces- 
sary to pass relatively heavy currents through the cell for long periods of 
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time. Under these conditions either very large electrode vessels must be 
used, or a layer of concentrated buffer solution must be introduced (17) 
between the concentrated chloride solution around the electrode* and the 
dilute buffer solution above. Tiselius (15) has given an excellent discus- 
sion of the size of electrode vessel required when no concentrated buffer 
solution is used. 


BOUNDARY ANOMALIES 

An electrophoresis experiment with a single protein may be represented 
diagrammatically by figure 10. Initially boundaries are formed at the 
level a in the two sides of the cell between the buffer solution at a concen- 
tration B and the buffer solution of protein at a concentration P (in which 
the protein is assumed to be negatively charged). Passage of a current 
causes one of these boundaries to descend through a volume V P to a new 
position /3 (figure 10b), and the other to rise through a volume V H to the 
position y. Under ideal conditions, realized closely with a dilute solution 
of a homogeneous protein in a buffer of sufficient strength to control the 
pH and conductance* of the system, the* volumes Y r and V B will be equal. 
With more concentrated protein solutions, however, No-called “boundary 
anomalies” are observed. These are illustrated in figure's 1 1 to 13. For 
instance, the schliercn bands shown in figure 11a for different settings of 
the schlicren diaphragm indicate a boundary that has risen into buffer 
and 1 lb the boundary that has descended into the protein solution in the 
other side of the* cell It is quite evident that the boundary moving into 
buffer is the sharper of the two. This is quite generally observed. A more 
disturbing anomaly is shown in figure 12, in wliich the relative displace- 
ment of the schlieren bands indicates that the rising boundary is moving 
more rapidly than the descending one; this is also, apparently, a general 
rule. Another anomaly in illustrated in figure 13. In this experiment 
with a 2.5 per cent solution of a single protein the boundaries were formed 
in the usual manner. They were then shifted in the cell with the com- 
pensation device to the positions shown in column 1 , so that a very slowly 
moving boundary, which might normally be obscured by the horizontal 
glass plates, could become visible On passage of a current tin* protein 
boundaries migrated as usual to the new positions indicated in column 
2 of the figure. However, on raising the schlieren diaphragm a second, 
and relatively faint, boundary, b (column 3), appeared in the protein solu- 
tion but slightly removed from the original position of the boundary. In 
the discussion to follow' it will become evident that this is not due to a 
second protein, but arises from a gradient of concentration left behind by 
the advancing protein boundary. It is similar to the “b globulin” bound- 
ary of Tiselius (16, 13). On raising the diaphragm still further, at a 
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somewhat later time, a very faint boundary appeared in the buffer solution 
.at e (eolumn 4) and was similar in nature to the 5-boundary. 

In practice the protein solution is prepared by dialysis against the buffer 
solution. It is important to recall that a difference of buffer salt concen- 
tration, between the two solutions, exists when the dialysis is complete, 


12 3 4 



Vu. II F if. 12 Fie.. 13 


Fu.. 11 Sehlieren bands, for different diaphragm settings, of a single* protein 
'rite boundary (a) moving into buffer is sharper than that (b) moving into protein. 

Fin 12. Sehlieren bands of a single protein. Tin* velocity of the boundary moving 
into buffer is greater than that of tin* boundary moving into protein. 

Fus. 13. Sehlieren hands of a single protein. The 8 and < hands are due to different 
eoneentrations of tin* same substance. 

owing to the Donnan equilibrium. When passage' of a current causes a 
boundary between two such solutions to move (from a to 0, figure 10) 
there is formed in the intervening volume', a buffer solution of compo- 
sition B f . This composition has been “adjusted,” in general, to a value 
different from B in sueli a way that its “regulating function” has the same 
value as that of the protein solution it has replaced. To quote' an earlier 
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paj)or by flip authors (8), ‘This (regulating) function defines a property 
of the solution which, at any given point, retains a constant value inde- 
pendent of changes of concentration caused by electrolytic migration. 
If, as a result of such migration, species of ions different from those* initially 
present appear at a point, their concentrations will be adjusted to values 
compatible with the constant determined by the initial composition of 
the solution.” It may b(* noted here that the concentration change's 
which occur behind the boundary moving into the protein solution are 



Pm. J4. Schlicr<*n bands of the concentration bound, trie? hot neon 0.01 and 0.1 
normal solutions of lithium chloride. 

similar to those encountered by one of the authors (5) in tin* electrolysis 
of mixtures of hydrogen and potassium chlorides. The boundary c thus 
forms between two solutions of the same 1 salt, but at the 1 eliffcrcnt cejnccn- 
tratious B anel B f . It is stable 1 if the lower solution is the* me>re conccn- 
trated. Boundaries erf this type have been investigated theoretically by 
Kohlrausch (3) anel Weber (18) anel experimentally by Smith (12) and 
ourselves. That such boundaries persist and move on the passage of a 
current is illustrated in figure 1 14. Boundaries were 1 formed bed ween 0.01 
and 0.1 normal solutions erf lithium chloride; these were* shifted from behind 



286 


L. (3. L0NGSW0RTH AND O. MACINNES 


the horizontal plates and current was passed. The motion of the bound- 
aries, actually very slow compared with others dealt with in this paper, is 
indicaled by the displacement of the schlieren bands. The motion is due 
to a change of the transference numbers with concentration. 

With the boundary moving into buffer there is a similar but more com- 
plicated adjustment of the composition of the protein solution which re- 
places the buffer as the boundary rises. The resulting concentration 
boundary, 5 (figure 10), between the solutions P and P' moves slowly under 
the influence of the current and, as mentioned above, is similar to the 
“8 globulin” boundary of Tiselius. The greater visibility of this boundary, 
compared with the e-boundary, may be due to the fact that the first 
involves a gradient of protein concentration whereas the second does not. 

In order to account for the boundary anomaly illustrated in figure 11, 
i.e., the greater diffuse!) css of the boundary moving into the protein solu- 
tion, v\e must consider the effect of the concentration changes, discussed in 
the preceding paragraphs, upon the specific conductances of the solutions. 
Owing mainly to its relatively high viscosity, the specific conductance, 
*/», of the protein solution is generally lower than that, of the buffer. 
The conductance differences at the actual boundaries, and y of figure 
10b, are further increased by the fact that k b > > and k P ' < k p . Conse- 
quently for a given current the electric field is greater in the* protein solu- 
tion than in the* buffer, and variations of the field exist at the boundaries. 
The dilute* uppermost layers of the boundary moving into the protein 
solution thus find themselves in weake*r fields than do the more concen- 
trated layers and thus tenel to lag behind, causing the* boundary to become 
diffuse. In the* case of the boundary 7 moving into buffer, however, the 
dilute, slowly moving layers tend to be overtaken by the faste*r, concen- 
trated ones, with the re*sult that the* boundary tends to become sharper. 
(See also refe*re*nce 14, page 28.) 

If there* is a stable 5-boundary, as shown in figure 13, the total concen- 
tration below the boundary must be greater than above it. Moreover, 
it was found in an actual case that the solution 1 J ' had a lower conductance 
than the solution P. The potential gradient above the 5-boundary will 
there*fore, in general, be greater than belowr, with the result that the 
protein must move more rapidly in that region than in the main body of 
the solution. If the displacement of the boundary 7 can be assumed to 
be a measure of the velocity of the protein particles in the solution P', 
this boundary would be expected to move more rapidly than the 0- 
boundary, as has been true in every case wre have observed. 

In the preceding discussion of boundary anomalies we have ignored the 
small differences of pH, required by the Donnan equilibrium, which exist 
between the buffer and protein solutions. Owing to the change of protein 
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mobility with pH, those differences at the boundaries can cause anomalies 
similar to those mentioned. Both theory and experiment indicate, how- 
ever, that, by f&r the major portion of these anomalies arises from the 
differences in specific conductance 

Although boundary anomalies are always present to some extent they 
may be reduced by proper selection of the buffer solution. The buffer 
used as solvent for the protein should have a high capacity in order to 
reduce, relatively, the' buffer action of the protein itself. It should also 
have a low specific conductance in order to decrease disturbances due to 
the heating effect of the current. Since* both buffer capacity and con- 
ductance increase with the* con<*e*ntnitiem e>t buffer salts, it is evielent that 
these two conditions are mutually incompatible, and a compromise must 
be made. As buffer capacity does not depend upem ionic mobilities, 
buffer salts the ions of which have* low mobilities should be* selected if 
possible. We* have used soelium salts in preference* to potassium salts for 
this reason. Lithium salts would be* still better, if circumstance.* justified 
tlicir preparation. High concentrations e>l weak ele*etre>ly1e*s should be* 
avoiele*el in the preparation of buffers, unless allowance is made* in the 
thermostat te»mpe*rature for the* large effect of 1he*se components on the 
temperature of maximum eiensity of the* solution. 
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OPAQUE OR ANALYTICAL ULTRAOKNTRIFUQKS 1 
JAM KM W. McHAlX 

Department of Chi mietrp, Staujoril t' nii’i mill/, California 
Heeeieeet Jaiinar/i .it), I .'AM 

When sand or gravel is dropped into quiet water, it falls at a definite 
rate* whieli refleets its size or weight of particle. If there an* several size's, 
each lias its corresponding rate*. Tin* same* is true for colloidal particles 
and ordinary molecules, if the water is placed i i a sufficiently intense* 
field of force* and yet held quietly free* Irom xibration and stirring. This 
is the principle of the* ultracentrifuge 

DEFINITIONS \NI> PUKCOSKS 

lTltrae*e*ntrifuge*s are* c(*ntriiug<*s of or high powi*r containing a fluid 
in whieli e*onve*ction is a\oidcd, so that mole*cules or particle's may s<*dime*nt 
and diffuse* undisturhe'd. In transparent nltr.icentrifuges these processe's 
may lx* followe'd I>y meaisiiring the* absorption ol light or the* index e>f 
re*frae*tie)ii. 

In analytical ultrae*e*ntrifuge*s all I lie* <*xpe*nsive* optical acce‘Ssf)ric»s re- 
quired for all forms of trans])are*nt ultrae*(*ntrifiige*s are* dispense*d with. 
lnste*ad, at any give*n time*, a whole e>r a portion of the* e*e>nte*nts of the* 
ultrae*e*ntrifuge* is removed for analysis by any suitable' chemical, physicaJ, 
e>r bie)le)gie*al melhoel. This analysis determines what move*me*nt e>f e*ach 
<*e>mpe>ne*nt of the* fluid has oe*e*urre*el through a definite cross section of 
definite radius in a definite fie*lel ol fore*e*. 

Velocity of sedimentation, s, is customarily expre*sse*el as the* line'ar 
radial rate* e>f me)ve*me*nt in centimeters per second pe*r elyne* e>f centrifugal 
fem*e*. It is an arbitrary conve*ntie>n to record a‘s ,s*o 0 the* e>bse*rve*el value* of 
a multiplie*ei by the ratio be*twe*e*n the measure*el viscosity e>f the* actual 
systean anel that of wate*r at 20°C., e*orre»cting the* elensity e>f the solution 
to the value fe>r pure water at 20°(\ 

The sedimentation ve*loe*ity of ordinary mole*cule*s re*e|uire*s such high 
centrifugal fields that it is at ])resent be*yond the range* of any existing 

1 Presented at the* Symposium on the* Phxsical Chemistry of the* Protc*ins, hold at 
Milwaukee*, Wisconsin, September, 1WS8, under the- auspices of the* Division of Physi- 
cal and Inorganic Chemistry nnd the* Division of v'olloid Chemistry of the* American 
Chemical Society. 
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transparent ultracentrifuge. As will be seen, however, it should lie within 
the scope of the high-power analytical ultracentrifuge. 2 Sedimentation 
velocity is measured in the highest practical field with the dual purpose 
of rendering it so rapid as to be undistorted by diffusion and of discriminat- 
ing more sharply between different particles present. Direct analytical 
measurement of each moving component may serve to determine the 
composition of a particle and also to show which components move or 
vary independently. The dependence of the rate upon various factors 
yields such information as that of association or of the splitting or disso- 
ciation of proteins in solvents of exceptionally high dielectric constant 
(3, 4, 32, 34, 39, 40) or with certain added agents. With certain restric- 
tions it may measure the density and hydration of the particles or mole- 
cules (18, 15, 7). 

Sedimentation equilibrium is measured in comparatively low fields, 
except for the smallest molecules. It is the final stationary state where, 
at any point, velocity of sedimentation is exactly balanced by diffusion. 
Its advantage is its thermodynamic relation to molecular or particle 
weight independent of shape although subject to the usual restrictions as 
to activity coefficient. In practice this has been set equal to unity. The 
effect of extreme length and flexibility of a molecule, which distorts ordi- 
nary molecular weight determinations (26), has not yet been sufficiently 
examined in the ultracentrifuge. In mixtures and polydisperse systems 
each component attains its own dynamic equilibrium. In Hie opaque 
ultracentrifuge one analysis at one speed is enough to measure the equi- 
librium, provided the analysis singles out a monodisperse constituent. 
Otherwise, runs at different speeds and preferably with analysis of more 
than one portion of the sedimented column are required. 

TITEOUt 

In the analytical ultracentrifuge the one factor, sedimentation velocity, 
may be isolated for exact measurement, uniufluenced by the other factor, 
diffusion. In contrast to the transparent ultracentrifuge it is a matter 
of complete indifference as to whether or not there is a moving boundary 
somewhere in the immobilized portion. The precision of the result 
depends upon the quantitative' analysis, the measurement of the radius, 
temperature, and speed, together witli the precautions taken in design 

2 Footnote added in proof: Mr. F. A. Leyda in the author’s laboratory has meas- 
ured the sedimentation velocity of sucrose, using Pliofilm 0.0015 in. thick for 
spacing discs in the insert and using only 2110 R.r.s. with the 37-mm. rotor. 
He obtained « 20 X 10 1 * = 0.170 and 0.174. When these observations were corrected 
for diffusion, they became 0.21, whereas the calculated theoretical result for an- 
hydrous sucrose is 0 23 The lower value is reasonably ascribable to hydration. 
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and manipulation to eliminate* the disturbing effects of convection and 
diffusion. The* analytical method is therefore potentially tin* most accu- 
rate and is still applicable 1 where, owing to the absence of a boundary, 
the transparent ultracentrifuge fails. 

Mason and Weaver (17, 3N) have supplied the theory of the phenomena 
tor a homogeneous field or where the effects of radiality may be neglected, 
but recently Archibald (1) lias supplied the complete solution for a truly 
radial or centrifugal field. In both cases it is assumed that diffusion 
follows Pick’s law, completely uninfluenced by the centrifugal field. The 
movement at any given height in the cell is equal to that due to sedimen- 
tation velocity less the diffusion occasioned by the resultant concentration 
gradients. Hence, initially, diffusion occurs only at the extreme top 
and bottom of the cell, and sedimentation through any intermediate 
position is unaffected. This and the following statements are based upon 
their equations (17, 38, 1) and also the illustrative* diagrams for numerical 
examples. 

An appreciable fraction of the mat (‘rial, usually ample* for analysis, 
moves into the* lo\\e»r portion of the cedi belore the effects of the resulting 
diffusion gradients reach a level just under the middle* of the* cedi. This 
is true* even where* no boundary can form in the* upp<*r part of the e*edl anel 
where* by the* optie*al methoels only se*dime*ntatie>n equilibrium e*emlel be* 
me*asure*d. It is likewise* true* of all e*ase*s whe»re» a bemnelary is formed, 
anel hcne*e* the se*elimentation velocity may be measured freim the* ve*ry 
beginning, since in direct air-dri ven ce*ntrifuge*s only a fraction of a minute* 
is re*quireel to attain full spe*e*el. In contrast, with the* e>ptie*al me*the)d. the 
uppermost portion of the* cedi cannot be use*d, since* time is required fe>r 
the* bemnelary to be set up. anel, a*-* Mason anel We*ave*r have* shown, the* 
initial period is occupied in a mere reduction in concentration at the* te>p 
e>f the cedi lx*forc a bemnelary ele*vede>ps. In both analytie*al anel trans- 
]>are*nt ultra centrifuges the bed tom peirtiem of the* cedi is ne>t available for 
me*asureme*nt of sedimentation vedoeity, unless it se> happens that diffusion 
is eliminated through the ]x*niiam*nt adhe*re*nce* of all sedimenting particles 
te> the pcriphe*ry of the cell. Summing uj), the considerations which limit 
the applicability of the transparent ultraccntrifugc apply in much less 
degree* to the analytical ultraee*ntrifuges, and, if the* method of analysis 
is sufficiently accurate, the latter should be unrestricted in the*ir appli- 
cability. 

The*re is one additional diffusional e*ffe*et to be* considered in such opaque 
ultracentrifuges as those* of McBain and Lcyda (21), whore oemveetion 
may occur below an immobilized portion e>f the cell. Diffusion into the 
immobilized pe>rtion must occur. However, it is readily shown by calcu- 
lation that, since the* sedimented material is immediately distributed 
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throughout a volume of liquid approximately equal to the immobilized 
portion, this initial diffusion begins at zero rate and only gradually de- 
velops into an amount sufficient to affect the measurement of sedimenta- 
tion velocity. If desired, it can always be taken into account by the 
usual Fourier calculation. 

METHODS OF IMMOBILIZATION 

The simplest equipment is the one-piece hollow rotor of Ilenriot and 
Huguenard (14). which is directly air-driven. This rotor is photographed 
in figure 1 1, and shown in cross section in figure 2. It is unsurpassed for 
centrifugal force 1 and costs only a few' dollars to make*. Although admitting 




Fw 1 


Km. 1. Orie-piect* spinning top a\ i 1 li depression for window of (Vllophane, or of 
metal, et,e 

Km. 2. One-piece hollow steel rotor (A) with eover (li), ring ((’), and brass 
weight (I)) to melt on adhesive. 

of quantitative results (see later), in this form it is not an ultrac*entrifuge, 
but only a eonveeting centrifuge. 

The method of immobilization by a jelly was introduced by MeBain 
and Stuewer (23) and was first applied to measurement of the rate* of 
sedimentation of the jelly structure itself. With 0.3 per c<*nt agar je*lly, 
it gave* the same sedimentation rate* (65 X 10~ ,:{ ) as w T as given (63 X 10~ 13 ) 
by the transparent ultraeentrifuge of MeBain and O'Sullivan (22). The 
swelling pressures of the* je*lly w'c*re* alse> measured. The* addition of se>ap 
curd was succe*ssfully used by MeBain and Tost ado (20) in measuring 
the* sedimentation equilibrium of sucrose. How r ever, sued] additions 
obstruct the* rate* e>f sedimentation, as was observed with hemoglobin. 

The* me>st ge*ne*ral method of immobilization is to place the whole* or a 
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part of tlio liquid between parallel horizontal disks or washers spaced 
close enough to immobilize by friction the liquid between the horizontal 
plates. This method possesses the further advantage that the disks or 
washers allow ideal unobstructed radial sedimentation over 360°. They 
must be chosen ol material which is strong enough to withstand the 
centrifugal field and has no action upon the mat (‘rial studied. They 
have* been used for both aqueous and non-aqueous systems. 

One might fear a “wall effect” or an influence of the contiguous baffle 
surfaces. However, according to H. V Lorenz (10), the force of friction, 
when a particle with radius r is falling parallel to the wall at a distance /, 
is increased over that for free fall in an infinite body of liquid taken as 
unity by the factor 


Again, according to Kaxen (10), the frictional force for a particle falling 
in the middle between two parallel walls is increased in tin ratio 

I 

,:t t r> 

1 - 1.004 ' + 0 . 4 1 8 ’ - 0 . 100 ' 
l r r 

Hence, if for egg albumin r = 22 A. and I = 0.1 mm., the* correction is 
negligible 1 , affecting only such particles as arc* within a distance* of a few 
diameters from the wall. This is borne out by the measuiements of 
MeBain and Leyda (21) on isoelectric egg albumin, for which they found 
the value * 2 o = 3.5f> X 10 v \ in agreement with Svedberg’s value of 
3.55 X 10 ,s . 

While it is always possible* to make* use* of the simple one-piece rotor, 
it is generally more convenient to place* suitable inserts in a tw T o-piece 
rotor. With the one-piece* rotor segments cut radially from washers are 
piled around the* inside* of the rotor like* brick-work, but with small overlap 
so that the* segments immobilize almost their ‘own volume of liquid be*- 
tween successive horizontal surfaces (Iff) First, howe*ve*r, a horizontal 
circular distributing disk is placed in the* bottom of the* rotor (folding and 
then flattening it). This permits measurement. of rate of sedimentation 
while the rotor is running by dropping in a heavier liquid, such as carbon 
tetrachloride, through the* distributing disk to force* uniformly inwards 
its ow r n volume of immobilized liquid, w hich is the*n re*ine>ve*d by a scraping 
pipet for analysis. 

The only convenient and uniformly successful tw r o-piecc rotor is that 
described by MeBain and Leyda (21) and shown in figures 3 and 4. Th<*se* 
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dnect an-dn\en lotois an distinguished fioin those of S\edl>eig and oi 
Brains and Pxkels and collaboiatois l)\ the ia(*t that thev maintain them- 
at the temperatun of the slijj-stieani of an The dining an, as 
in the Me Bain and (VSullnan tianspaient ultiacenliiliige, is fust passed 


Fit. 5 r l\\o-pnct M( Ham md Iiwii steel lotoi with immohili/ing inseit 
1« i«. 1 Twn-pien Mi Bam md Ii\da lotoi A steel <o\u B intoi tow ( 
mmobili/mg disk 1) Pliofilm disk 1 mi tnl disk I slipnng 

tlnough a (oppei coil nnmeisod m a thennostat, so that the lotor and its 
contents an maintained at an\ dosiied teinpeiatuie with the- same con- 
stancy as the theimostat 

The pinxiple of the Me Bain Le\da lotoi (figuies 3 and 4) is that a 
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thrust joint is formed, remaining water- and oil-tight in spite of the cen- 
trifugal force subsequently applied. The shell. A, holds the immobilizing 
insert, CJ, and the liquid. It screws into the rotor cone, B, its edges form- 
ing a seal against a disk of Pliofilm, Cellophane, or other suitable 4 plastic, 
I), which rests against a rigid loose disk, K, under which is placed a loose 
metal slip ring, F. The ledge of the rotor cone, with female screw, is 
made shorter and thicker than the annular walls of the shell, A, the elastic 
expansion of which into the grooves of the screw assists in maintaining the 
tight joint during centrifuging. The rotor is assembled upside down and 
weighed. The liquid is sufficiently immobilized by inserts so that the rotor 




Fia. 5 Cross section through simple stutor A, aluminum cone with brass ring 
inset and holes for driving air; B, wind-box or manifold; C, aluminum disk to be 
held by rubber and sponge rubber 

Fig fi. Cross section through stator with central an -inlet to relieve vacuum under 
rotor to any desired extent . 

may be carefully stopped with the fingers and reweighed prior to dis- 
mantling for analysis, to make sure that the weight has remained constant 
to 0.0001 g. With the insert used by Leyda, the total volume of liquid 
was 2.2 cc., of which the inner half was immobilized. 

The typical stators are shown in figure* 5 and 6. Figure 6 adopts a 
suggestion of Beams, namely, that a regulated amount of air be allowed 
partially to relieve the vacuum under the middle of the rotor. With some 
rotors this is unimportant, whereas others run more smoothly and up to 
10 per cent faster. No motion of the rotor should be visible under the 
microscope, that is, to 0.001 mm. The stator in figure 5 consists of a 
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distributing air chamber into which is screwed a com 1 of 90° angle through 
whose sides are bored six to twelve holes with a No. 71 drill held at an 
angle of 65° to the \ertical and an angle of 35° to the horizontal. A brass 
or bronze ring is shown inserted to give longer wear during chance contact, 
although the rotor is normally carried by the air. The tube 1 leading to 



Fk« 7. Stator mounted in lead-lined steel guard (complete) 


the stator may be suitably weighted with attached clamps for smoother 
running. Its upper part should bo steadied by pieces of sponge 1 rubber. 

A complete assembly is shown in figure 7, with a safety guard for occa- 
sions when the rotor Hies apart. The original rotor of McBain and 
O'Sullivan has been in fairly continuous use, running at se\cral thousand 
n.r.s., during three and a half years without accident. 
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IMMOBILIZING INSERTS 

Various insorts embodying the same principle have been designed for 
different purposes and have* been described elsewhere (19. 21). Here it is 
sufficient to mention the insert ol McBnin and Lo\dn, shown in figures 3 and 
4, consisting of a pile of about one 1 hundred circular disks about 0.08 mm. 
thick and alternately of large* and small diameter. The* smaller disks thus 
serve as vertical spacing pieces between the horizontal surfaces oi the* 
larger disks where* the liquid is immobilized. The* whole is held in central 
position by two large* circular plate*s in the* edg<*s of which it is convenient 
to have cut a couple 1 of notches through which sampler of liquid may be 
withdrawn, with a fine* pipe! or hypodermic syringe*, f e >r analysis. The* 
elisks must be made* erf material indifferent te> the* solution studied ami, to 
itvoiei electrical ce)ii])le*s, should be* maele erf the* same* metals throughout if 
salt is pre*se*nt. The interim* of the* rotor is be*st coated with several appli- 





I’ici. S. Metal cuvette* for filling and emptying inserts in ordinary centrifuge* 

cations of Bakelite* lacquer, cae*h baked oil for 30 min. at 150°(-. The* 
disks may be* erf medal or plastic material, but must vvithstanel the* eon- 
trifugal force. 

Inserts fill spe>ntane*ously with liquids of lew surface tension, but it 
may be advisable to place* them in a suitable* cuvette (figure* 8) filleel with 
liquid, for a few* moments in an ordinary centrifuge* If the bottom of 
the* cuvette has a slight depression it may also be used for emplying 
them and collecting the* previously imme>biiiz<*d licjuid for analysis. 

METHOD OF CALCULATION 

For sedimentation equilibrium McBain and Tost ado (20) have de- 
velope*d a formula suitable for the insert they employed in measuring 
sucrose (molecular weight : found, 341 ; theoretical, 342). A corresponding 
formula has been developed by Leyda for the insert of figures 3 and 4. 
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For sedimentation velocity by the analytical method, Tiselius, Peder- 
sen, and Svcdbcrg (36) give the formula 


3(oba«rved) - ^ In (l - 


where w = angular velocity = 2tt (u.r.s.), / is the time in seconds, A is 
the change in amount of substance above or below the level at which the 
separation is made, x is the distance in centimeters of this level from the 
center of rotation (radius of larger disks of the McBain and Leyda rotor), 
q is the cross-sectional area of the* cell at this le\el, and r 0 is the original 
concentration within the cell. a>, /, j, and q are obtained readily from the 
dimensions of the insert and observations during the run In order to 
apply the analytical method, Tiselius, Pedersen, and Svedbcrg (36) 
place a porous partition in the middle of their transparent cell, 

McBain and Leyda deduce the formula 


$ (observed) — 


2.303 (log x 2 — log a) 
39.48(k.p.s.) 2 / 


where .r 2 is the* position which the boundary would occupy if no diffusion 
occurred. This is readily calculated from the dimensions of the insert 
and from the analysis of the original and final concentrations of the liquid. 
This possesses for many cases the very great advantage* that the absolute 
concentration need not be known, but only the relative concentrations 
on any convenient scale. 


SEMI-CONVECTIVE METHODS 

Elford (6, 8, 9, 35) has used inverted glass, silica, or metal tubes, of 1 
to 3 nun. internal diameter, immersed in a commercial or in a llenriot 
and Hugucnard air-driven centrifuge*. Such a design is illustrated in 
figures 9 and 10, where* many parallel hole*s in one* block may be used to 
give larger volumes. Alternatively we* have* used with success in this 
same rotor a capillary tube closed at one enel and held in position with a 
cork, obtaining a boundary with the 70-mm. rotor, where with the same 
tube inscrte*d in a 37-mm. rotor (figure's 3 and 4) a boundary was not 
formed. 

When the tubes are sufficiently narrow and the centrifuge sufficiently 
free from vibration and thermal gradients, Elford found that his tubes 
resembled an ultracentrifuge, in that a definite boundary appeared, which 
could bo seen with the nake*d eye by scattered or fluorescent light and the 
position of which could be measured after stopping the centrifuge. Fur- 
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thermorc, the boundary moA ed within the experimental enor with the same 
velocity as that obseived m the Svcdbeig ultracentritugc 

This is at fiist surpusmg toi the tell is cyhndiKal not radial, and some 
of the sedimentation mud be dim ted oblujur against tlu walls of the 



Fig 0 Sc ven ccntnnctc 1 ui dmin iotoi showing u (( ss«.s foi < it Ik i unmciscd 
multiple holes, 01 simple thick c « pill it a tube dowel it one end with luge ccrwi foi 
streamlining 



hiG. 10 Cross section of 7 cm air-driven rotor showing messes for (1) simple 
thick capillary tube closed at one end or (2) immerse d multiple holes 


tube Thus a sheath of liquid in contact with the walls of the tube must 
move steadily downwaids and coirespondingl} elevate the central eon- 
tents, lm ludmg the boundary Our explanation of the fact that correct 
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results are obtained is that the movement is slow and controlled and 
confined to a layer next to the walls, which is only a few molecules or 
particles thick and is therefore of a volume negligible in comparison with 
the contents of the tube 1 . 

McBain (18) pointed out that, since the sedimentation velocity depends 
uj)on the actual specific volume of the particle as well as the density of the 
solution, the actual density of the particle may be determined by suitable 
additions to change 1 the density of the solution. Giving a formula con- 
firmed by Kraemer and Lansing (15), he showed that sedimentation ve- 
locity is as little affected by hydration in a binary system, consisting of 
solvent and only one solute, as is any osmotic property such as the lower- 
ing of the freezing point. It is far different when further additions, such 
as buffers, are present, for the particle may be made to sediment either 
upwards or downwards, and thus its actual density is determined. From 
the actual, as compared with the partial, specific volume of the anhydrous 
material the actual hydration or solvation may be found. Using this 
principle Elford (7) has found the density of vaccinia virus to be 1.17 db 
0.02 and that of two of the largest bacteriophages — Staphylococcus “ K ” 
and Coli “WLL” to be 1.22 ± 0.02. Many other similar determinations 
of density have now been made, such as those made by McIntosh and 
Selbie (24, 25). 

Sehlesinger (30, 31) has used a successful device for converting a Sharpies 
supercentrifuge into a semi-convectionless ultracentrifuge. Five cubic 
centimeters of virus solution gelatinized with dilute agar lines the closed 
bowl to a depth, of 0.18 mm. Another 5 cc. is then added. The film is 
so thin that convection does not occur, thus allowing both rate and equi- 
librium to be measured. Virus of foot-and-mouth disease is measured 
after 3 min. An antibody required only 30 min. for sedimentation equi- 
librium. It is necessarily assumed that the agar jelly is of such concen- 
tration that it neither swells nor sediments. This, however, can be 
verified by direct experiment and by adjusting the concentration of agar 
to the requisite value. Any influence of the agar on the absolute rate 
has to be tested by comparison in some other ultracentrifuge. Sedimen- 
tation equilibrium is of course unaffected. 

THE CONVECTIVE PROCEDURE 

The Bechhold-Schlesinger convective procedure (2, 29) was originated in 
1931, and during the last eight years (5, 8, 9, 1 1 , 12, 13, 24, 25, 27, 28, 35, 37) 
various qualitative and semi-quantitative observations of its occurrence have 
been made in the author’s laboratory at Stanford (as, for example, with 
methylene blue, etc.), in that of Beams at Virginia, and also by Gratia in Bel- 
gium, using the simplest form of the one-piece hollow rotor of Henriot and 
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Huguenard (14). If the outer periphery of a centrifuge is of such a nature 
that through porosity, adhesion, or coagulation every particle sedimented 
against that periphery remains therein, the liquid remains of uniform 
composition which, however, decreases asymptotically with time in ac- 
cordance with a formula of Bechhold and Schlesinger. From this one 
may calculate sedimentation velocity. It has not been sufficiently 
emphasized in recent years that, when the centrifugation is carried to 
near exhaustion of the solution, the final concentration becomes extra- 
ordinarily sensitive to particle size. This may sometimes be by far 'the 
most accurate method of examination. 

It is interesting that if the rotor is filled with liquid to the center and 
the outer periphery has the property of holding all sedimented particles, 
there is no difference between a convectionless ultracentrifuge and a 
thoroughly stirred centrifuge. 

The convective method has been used by McIntosh and Sclbie (24, 25) 
for quantitatively determining the sedimentation velocity and actual 
densities of bacteria, viruses, bacteriophages, and oxyhemoglobin. For 
example, they obtained a diameter of 56 A. for oxyhemoglobin, identical 
with that quoted from Svedberg. Their equipment was very similar to t hat 
in figures 9 and 10. The density of spores of B. .s ubtilis was found to be 
1.46, and that of phages and Staphylococcus aureus 1.25. In solutions of 
higher density they sedimented upwards. 

Pale (28, 5, 27, 37) has suggested the standardization of the sedimenta- 
tion velocity constant of an unknown by comparison with that of a known 
in the same centrifuge, and has deduced the theoretical ratios with and 
without convection, respectively. However, lie found the relation 

s/s' = (p't'/t 

where t and V are the respective times required to reduce the concentration 
of the known and the unknown by the same fraction in the same centrif- 
ugal field, and ^ is a simple allowance for the respective partial specific 
volumes. 

Gratia (11, 12, 13) and Pale (28, 5, 27, 37) and their respective collabo- 
rators have studied serums, venoms, antibodies, antitoxins, antigens, 
lysins, and syphilitic reagents. 
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INTRODUCTION 

Tobacco mosaic, a disease which manifests itself by causing a mottling 
and a distortion of the leaves of tobacco plants, was first recognized over 
eighty years ago. In 1892 Iwanowski (19) observed that the juice of 
plants diseased with tobacco mosaic remained infectious after passing 
through a Chamberland filter, a device capable of holding back all of the 
living organisms then known. After repeating and confirming Iwanowski’s 
experiments, Beijerinok (5), in 1898, realized that the infectious agent 
differed from ordinary bacteria and described it as being a “ contagium 
vivum fluidum” Tobacco mosaic was thereby established as the first 
disease recognized as being caused by an agent now known as a virus. 

In 1935, by a process consisting of' fractionation by chemical means, 
a crystalline protein was isolated from the juice of Turkish tobacco plants 
infected with tobacco mosaic virus (40). This protein has been shown to 
be in chemical combination with a nucleic acid closely resembling yeast 
nucleic acid and is, therefore, a nucleoprotein (2, 27). It has definite and 
specific chemical composition and physical characteristics. It gives the 
usual protein color reactions, is precipitated by the usual protein precipi- 
tating agents, has characteristic heat and pH stability ranges, and is 
denatured under certain definite conditions. Very dilute solutions give a 
specific precipitin reaction with antiserum to the protein. The protein is 
insoluble at its isoelectric point and in 20 per cent ammonium sulfate solu- 
tions. It crystallizes in definite needle-shaped crystals in the paracrys- 
talline or mesomorphic state, visible only with the microscope. 

All of the evidence available at present indicates that this erystallizable 
nucleoprotein is the active disease-causing agent. The virus protein 

1 Presented at the Symposium on the Physical Chemistry of the Proteins, held at 
Milwaukee, Wisconsin, September, 1938, under the auspices of the Division of 
Physical and Inorganic Chemistry and the Division of Colloid Chemistry of the 
American Chemical Society. 
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isolated from many different batches of diseased Turkish tobacco plants 
and from other plant species infected with the virus possesses the same 
chemical, physical, biological, and immunological properties. This 
protein is capable of infecting other plants, will multiply in them, and can 
be isolated from such diseased plants. There is no reason to believe that 
the protein is not pure, for its chemical, physical, biological, and immuno- 
logical properties remain unchanged following fractionation of the protein 
by various procedures. The ultracentrifugally isolated preparations of 
the material an* completely homogeneous witli respect to sedimentation 
constant and electrochemical behavior (14, 53). It was found impossible 
to demonstrate the presence of an impurity in such preparations even by 
the sensitive precipitin and anaphylactic tests. It has never been found 
possible to separate the virus activity from the protein by any one of 
several procedures. The ultraviolet light absorption spectrum of the pro- 
tein agrees essentially with the destruction spectrum of virus activity (2, 
10, 26). The pH stability range of the protein was found to coincide with 
that of virus activity. Partial or complete denaturation of a preparation 
by each of several procedures was found to result in a corresponding loss 
of virus activity. Finally, it is possible not only to inactivate and reac- 
tivate the virus protein, but also to demonstrate that the inactivation and 
reactivation are accompanied by simultaneous changes in the structure 
of the protein molecule (36). For complete and detailed descriptions of 
the properties of the tobacco mosaic virus protein, the reader is referred 
to other reviews (41, 42, 43, 44, 45). In this paper a summary of many 
of the physicahand physicochemical properties of the protein is presented, 
and an attempt is made to unify the interpretation of these properties. 

THE SHAPE AND SIZE OF THE TOBACCO MOSAIC VIRUS PROTEIN PARTICLES 

Optical studies 

Takahashi and Rawlins (48) first showed that the juice from tobacco 
plants diseased with tobacco mosaic exhibited stream double refraction, 
and it has since been demonstrated that solutions of the purified tobacco 
mosaic virus protein show the phenomenon to a marked degree (2, 3, 25, 
49) (figure 1). This property may be the result of one or more of the 
following three factors: ( 1 ) the photoelastic effect, (2) the orientation of 
plate-like bodies in the flowing stream, and (5) the orientation of rod-like 
particles. The possibility that stream double refraction may result from 
the first (25) or second of these factors (48) has been eliminated; hence it 
may be concluded that the double refraction of flow shown by the tobacco 
mosaic virus protein is due to the orientation of rod-shaped particles in 
the flowing stream. 

Wiener (52) has shown on theoretical grounds that it is possible to obtain 
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double refraction by orienting perfectly isotropic* rod-shaped particles 
parallel to each other in a liquid medium, if the rods have a different refrac- 
tive index from that of the medium. This is called morphie double re- 
fraction. If the rod-shaped particles have intrinsic double refraction, the 
double refraction of the system of oriented rods in a liquid medium is the 
sum of the morphie and intrinsic double refractions. By dispersing the 
rods in a medium having the same refractive index as the rods, the morphie 
double refraction can be completely eliminated, and any remaining double 
refraction is the intrinsic double refraction of the rods. It has been shbwn 
by the method indicated that the tobacco mosaic virus protein particles 

0 

Ficj 1 Left: doubly refracting stream of tobacco mosaic virus protein solution 
photographed between crossed Polaroid plates arranged so that the vibration direc- 
tion of each plate makes an angle of 45° with the dim tion of flow. Right: same sys- 
tem photographed between parallel Polaroid plates (From Lauffer and Stanley 
(25)). 

possess very little if any intrinsic double refraction and that the double 
refraction shown by solutions of the oriented molecules must be largely 
morphie double refraction (figure 2) (22). This result is entirely con- 
sistent with the observation of Bawden el al. (3) that dried films of the 
protein show very much less double refraction than wet films. 

Solutions of the protein also show electrical birefringence (3). The 
birefringence is positive with respect to the direction of the electrical field, 
showing that the particles orient themselves parallel to the direction of the 
field (24). 

Bawden and Pirie (2) first noticed that, upon standing, some solutions 
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of virus protein separate into two layers, of which the lower more concen- 
trated one is liquid crystalline (figure 3). The jelly-like pellets obtained 
by ultracentrifuging solutions of the protein have also been shown to be 



Fig. 2. The dependence of stream double refraction of tobacco mosaic virus pro- 
tein upon the refractive index of the solvent. (From Lauffer (22)). 



Fig 3. Left: sample of tobacco mosaic virus protein solution which has separated 
into two layers. The photograph, taken with the aid of crossed Polaroid plates, 
shows that the bottom layer material is spontaneously doubly refracting or liquid 
crystalline. Right: same system photographed between parallel Polaroid plates. 
(From Lauffer and Stanley (25)). 

typically liquid crystalline (22). This property of liquid crystallinity is 
generally associated with materials having rod-shaped molecules, and 
may therefore be regarded as constituting additional evidence of the rod- 
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like character of the tobacco mosaic virus protein particles. The layering 
behavior illustrated in figure 3 is entirely analogous to that described 
previously by Zocher and Jacobsohn (57) for vanadium pentoxide sols. 

As one should expect of a substance having rod-shaped particles, solu- 
tions of the tobacco mosaic virus protein show the Ganz depolarization 
effect (22). The depolarization of the scattered light observed in the case 
of this protein is of the type regarded as being due to asymmetry or aniso- 
tropy of particles of the disperse phase, rather than to particle size being 
beyond a critical limit. All of these pieces of evidence, then, in addition 
to the fact that the virus protein crystallizes in needle-shaped mesomorphic 
crystals, leave little doubt but that the molecules of the tobacco mosaic 
virus protein are rod-shaped bodies. 





Fid 4 Upper: sedimentation photograph of ultraeentnfugally isolated tobacco 
mosaic virus protein showing single shaip boundary indicative of homogeneity. 
Lower, sedimentation photogiaph of an ultiaeentnfugallj isolated sample which 
had stood in contact with electrolytes, showing two Hharp boundaries indicating 
the presence of two moleculai species (Courtesy of Wyekoff ) 

Ulti acentrif uqation studies 

The first sedimentation studies on (he tobacco mosaic virus were made 
on infectious juice by Bechhold and Schlesinger (4) before the virus was 
isolated as a purified protein. They followed the sedimentation by means 
of measurement of virus activity and obtained data from which a sedimen- 
tation constant may be calculated that is in good agreement with that 
found later for the purified protein. Sedimentation studies on the purified 
tobacco mosaic virus protein have been made by Eriksson-Quensel and 
Svedberg (14) and by Wyckoff (53, 54, 56). It was found that the protein 
isolated and purified by differential centrifugation gives a single sharp 
boundary in the ultracentrifuge (53) (figure 4), with a sedimentation 
constant, St o*, of 174 X 10 -u . 

It is not possible to interpret directly this sedimentation constant in 
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terms of molecular weight, because it is known that the molecules of the 
tobacco mosaic virus protein are not symmetrical. In order to calculate 
the molecular weight from these studies, it is necessary to know the dis- 
symmetry factor of the protein. This is usually obtained from sedimenta- 
tion equilibrium measurements (46), but, because of technical difficulties, 
it was not found possible to obtain satisfactory results by this method (14). 

Viscosity studies 

It is possible to obtain an idea of the dissymmetry of rod-shaped particles 
from studies of the viscosity of solutions or suspensions of these particles. 
Viscosity studies on this protein have been reported by Stanley (43), by 
Frampton and Neurath (15), and by Lauffer (21, 23). In figure 5 the 
data of Frampton and Neurath and of Lauffer are presented graphically. 
It is seen that viscosity is a linear function of concentration for very dilute 



Fia. 5. The relationship between specific viscosity and concentration of tobacco 
mosaic virus protein. (Drawn from data of Frampton and Neurath (15) and of 
Lauffer (21, 23)). 

solutions of the virus protein, but that this linearity does not hold for 
solutions as concentrated as 1 per cent. The results of the viscosity studies 
on the virus protein in urea solutions recently reported by Frampton and 
Saum (15a) have no direct relationship to the present problem, for they 
refer to degradation products which have been found not to possess virus 
activity (24). 

Kuhn (20) has derived the following equation expressing the viscosity 
of a solution or suspension of rod-shaped particles as a function of the 
relative volume and the relative dimensions of the particles of the disperse 
phase: 

a) 

t/0 16 \a/ 

This equation was derived for a rod-like model composed of rigidly joined 
spheres. Guth (16) has derived the same expression for a model consisting 
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of an elongated ellipsoid of revolution. G is the volume of the dispersed 
material per cubic centimeter of solution, 17/170 is the relative viscosity of 
solution, and 6/a* is the ratio of length to diameter of the rods of the dis- 
perse phase. An alternate equation has been derived by Eisenschitz (12) 
for elongated ellipsoids of revolution. When b » o, this equation takes 
the form, 



The Eisenschitz equation, in its expanded form, reduces to the Einstein 
viscosity equation for (6/a) = 1, just as does the Kuhn-Gut h oquation. 
Using equation 1, assuming little or no hydration of the protein, and taking 
0.73 as the specific volume of the protein (2, 43), the value of 6/a calculated 
from the limiting slope of the viscosity -concentration curve is 35. Using 
equation 2 and the viscosity data presented in figure 5, one obtains a value 
of 63 for 6/a. 

An equation describing the relationship between the ratio of minor to 
major axes of an ellipsoid of revolution and the dissymmetry factor of 
Svedberg, (D 0 /D), has been presented by Herzog, Illig, and Kudar (18) 
and Perrin (34). It may be used in the following form when b^> a: 



The diffusion constant of particles of any shape, I), is related to the sedi- 
mentation constant, S, according to the following equation: 


D = 


RTS 

M(l - Vd) 


(4) 


where R is the gas constant, T is the absolute temperature, M is the molec- 
ular weight, V is the partial specific volume of the dispersed particles, and 
d is the density of the solvent (46). The diffusion constant of spherical 
particles, D 0 , is given according to the Einstein equation: 


Do = 


RT 


6mjoN 



(5) 


where N is Avogadro’s constant and M is Ihe molecular weight. Since 
Do/D may be evaluated by equation 3, the molecular weight can be ealeu- 
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lated from sedimentation data by combining equations 4 and 5. A value 
of 42.6 X 10* is obtained for the molecular weight of the tobacco mosaic 
virus protein by this method when the viscosity data are interpreted ac- 
cording to equation 1. This would correspond to rod-shaped particles 
12.3 mg in diameter and 430 mg in length. If the value b/a obtained from 
the viscosity data employing equation 2 is used in conjunction with equa- 
tions 3, 4, and 5, a value of 63.2 X 10° is obtained for M, corresponding to 
particles 11. f> mg in diameter and 725 ing in length. 

Diffusion 

Another means of evaluating the molecular weight of material having 
asymmetrical molecules is by combining diffusion and sedimentation 
measurements in the manner indicated by equation 4 (46). Diffusion 
studies on purified solutions of tobacco mosaic virus have been made by 
Waugh and Vinson (51) and by Hills and Vinson (I8a). It is probable 
that the diffusion constants reported by the latter workers are too high 
because of failure to suppress the accelerating effect of smaller oppositely 
charged ions. Their virus solutions, which contained small amounts of 
electrolytes, were allowed to diffuse through a porous membrane into 
distilled water. Neurath and his associates (15, 32, 33) have measured 
the diffusion coefficient of chemically isolated virus protein, using the 
refractory method of Lamm. They found a value of about 3 X 10~ 8 
for From equation 4 it follows that this value corresponds to a 

particle with a molecular weight of 59. 6 X 10L By the use of equations 
3 and 5, it can bo shown that such particles should have a ratio of length 
to width of 58, corresponding to dimensions of 675 mg in length and 1 1 .6 mg 
in diameter (32, 33). 

It is readily apparent that the 1 molecular weight may be estimated from 
viscosity and diffusion data by the use of equations 1 or 2, 3, and 5 (32, [33, 
35). If the data are treated in the* indicated manner using equation 1, a 
value 1 for the molecular weight of 116.5 X 10® is obtained, corresponding 
to particles 600 nig long and 17.2 mg in diameter. However, if equation 2 
is used instead of equation 1, the calculated molecular weight is found to 
be 53.4 X 10®. ceirresponding to particles 690 mg long and 10.9 mg in 
diameter. 


The rotational diffusion coefficient 

Boeder (9) has derived an equation in which the average orientation of 
rod-shaped particles in a flowing liquid is expressed as a function of the 
ratio of the velocity gradient tending to align the particles to the rotational 
diffusion constant. The latter is a measure of the tendency of the particles 
to become randomly oriented. Kuhn (20) has expressed the relationship 
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between the rotational diffusion constant, 0, and the length of a rod-shaped 

particle, b, by the equation: 

# 


e - 


8kT 

irrib* 


( 6 ) 


where k is the Boltzmann constant. From quantitative measurements of 
double refraction of flow and the average orientation of the particles, Mehl 
(31), following the method of Boeder, estimated the rotational diffusion 
constant for chemically isolated tobacco mosaic virus protein to be 25 at 
2°C. By substituting this value into equation 6, he obtained the value of 
about 610 m/x for the length of the particle, a value which is of the same 
order of magnitude as those obtained from the other data considered. 


Filtration of the tobacco mosaic virus protein 

The whole body of knowledge of viruses began with the observation that 
the infectious agent of tobacco mosaic would pass through a Chamberland 
filter (5, 19). In 1916 Allard (1) reported that, although the virus of 
tobacco mosaic would easily pass a Berkefeld filter, it was held back by a 
Livingstone atmometer porous cup. Later Duggar and Karrer (11) 
reported that the virus had about the same filterability as colloidal hemo- 
globin, and suggested a value of 30 mu for the diameter of the particles 
of the infectious agent. MacClement and Smith (30) found that two 
strains of tobacco mosaic would pass collodion filters of pore diameter of 
51 m/x, while a third strain, aucuba mosaic, would pass through pores 112 
mu in diameter but would be held by those 100 mu in diameter. On the 
basis of Elford’s studies (13), these results correspond to particle diameters 
of 17 to 25 mu and 37 to 56 mu, respectively. Thornberry (50) found that 
eight strains of tobacco mosaic virus, including the aucuba mosaic virus, 
as well as several other plant viruses, when diluted with a solvent contain- 
ing nutrient broth, filtered through pores as small as 45 mu, indicating that 
they all have diameters of about 15 to 22 mu- All of the studies thus far 
reported were on plant juice containing the virus. . Thornberry also studied 
tobacco mosaic virus protein purified by the modified lead acetate method 
of Stanley and found that this material would go through pores 33.8 mu in 
diameter. In contrast with this observation, Bawden and Piric (2) and 
Smith and MacClement (39) have reported that purified tobacco mosaic 
virus protein will not pass through a collodion membrane with a pore size 
as great as 450 m/x. They regard this as evidence of an aggregation of the 
protein due to purification. However, results obtained with protein 
isolated by differential centrifugation in the Princeton laboratory of The 
T frv»1r?fo1lAr Institute for Medical Research indicate that this purified pro- 
tein will pxmn freely through membranes with a pore size of 450 m/x, al- 
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though a diminished rate of passage in some membranes of smaller pore 
size has been noticed (29, 45). Smith and MacClement reported that in 
an electrical field the tobacco mosaic virus will pass through a membrane 
having an average pore diameter of 13 m/x (39). 

If it is assumed that rod-shaped particles pass through the pores of the 
filter lengthwise, and that the ratio of pore diameter to particle diameter 
obtained by Elford (13) for symmetrical particles holds for the diameter 
of the rods, the results of the filtration of the virus protein would indicate 
a diameter of about 15 m/x, — a value in good agreement with that found 
by other means. 


X-ray studies 

X-ray diffraction patterns of the tobacco mosaic virus protein have been 
studied in the laboratories of Bernal (3, 6, 7) and of Wyckoff (55). Bernal 
and Fankuchen reported studies on the virus protein dissolved in water, 
on the liquid crystalline “bottom layer” material (see figure 3), oil films 
of the protein obtained by evaporation and designated as wet and dry gels, 
respectively, and on oriented crystals of the protein. Wyckoff and Corey 
studied the diffraction patterns of crystals and of pellets obtained with the 
ultracentrifuge. The findings from the two laboratories agree on the 
intramolecular structure of the material. Bernal and Fankuchen regard 
the unit, which, because of its physical properties, is regarded as a molecule, 
as having an internal crystalline structure of great regularity, analogous to 
the structure of crystalline proteins. The lines that indicate this internal 
structure are found in the virus in all of the states studied, including 
solutions, and therefore must define the molecule rather than the crystal. 

A lateral spacing of 15.2 m/x is found in the “dry gel” studied by Bernal 
and Fankuchen. The wet gel gives corresponding spacings varying around 
21 m/x depending upon the composition, the liquid crystalline bottom layer 
shows analogous spacings of between 30 and 47 m/x, again depending on 
the concentration of the protein, and the ordinary solutions show no 
corresponding spacings. The process of drying a solution of the virus 
protein, then, consists of the removal of water until the solution reaches 
the concentration where the particles line up parallel to each other, giving 
a liquid crystal with rather wide intermolecular spacings. Further evapo- 
ration results in the removal of water from between these particles, grad- 
ually decreasing the intermolecular spacings until the dry gel state is 
reached, when most of the water has been removed. The intermolecular 
distance then becomes 15.2 m/x. Since this spacing is also obtained in the 
dried crystals, it probably represents the closest possible spacing of the 
molecules, and therefore provides an estimate of the molecular diameter. 

Whereas Bernal and Fankuchen found this lateral spacing of 15.2 m/x in 
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the oriented crystals, they were unable to find evidence of intermolecular 
regularity of less than 120 mp in directions other than at right angles to 
the length of the crystal. They accordingly suggested that the crystals 
are made up of rod-shaped molecules arranged parallel in hexagonal 
symmetry with respect to cross section, the intermolecular distances being 
15.2 mp, and without intermolecular regularity in the direction of the 
long axis. In figure 6 this picture is presented diagrammatically. 

It should be emphasized that the x-ray diffraction data indicate a 
particle 15.2 mp in diameter and probably more than 120 mp in length. 
These figures for the dimensions of the particle are in good agreement with 
those arrived at from viscosity and sedimentation studies. 



Fia. 6. The arrangement of the rod-shaped molecules of tobacco mosaic virus 
protein in the needle-shaped crystals. Left: longitudinal diagram showing parallel 
orientation of particles and no intermolecular regularity in lengthwise direction. 
Right: cross-sectional diagram showing hexagonal intermolecular symmetry. 
(Drawn from Bernal and Fankuchen (7)). 

Adsorption on solids 

Langmu ir and Schaefer (20a) adsorbed tobacco mosaic virus protein 
on an A-layer of stearic acid conditioned with aluminum chloride and 
found by means of interference colors that the film was about 30 mp thick. 
They found further that a surface conditioned by a monolayer of egg 
alb umin takes up an adsorbed film of the virus protein having a thickness 
of 12.5 m p. This latter they suggested, may be the thickness of the 
molecuW lying flat on the surface, and indeed this value is in agreement 
with those obtained by the other methods just discussed. 

General considerations 

In summarizing the knowledge of the size of the tobacco mosaic virus 
protein molecule, it becomes evident that several experimentally deter- 
mined constants for the protein, as well as adsorption, ultrafiltration, and 
x-ray diffraction data, are available. The sedimentation constant at 
20°C., Sto-, is 174 X 10-“, the specific viscosity per gram per milliliter is 
57.9, the diffusion constant at 25°C., Z>«., is 3 X 10~», the rotational 
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served for the purified virus protein, regard it as being an aggregated form 
of the virus as it occurs in the natural state and in untreated plant juice. 
This seems a reasonable interpretation of their data. However, the 
rather meager sedimentation data at present available indicate that this 
interpretation is not valid for the homogeneous ultraccntrifugally isolated 
material. The sedimentation constant of the virus protein in a sample 
of untreated plant juice was found (56) to be the same as that of the protein 
later isolated from the same juice. If it is to be supposed that an aggrega- 
tion took place in the purification process, the virus particles in the juice 
must have been at most half as large as the particles in purified prepara- 
tions. The type of aggregation which would affect the sedimentation 
constant least is an end to end association of the hypothetical sub-units. 

TABLE 2 


Sedimentation constants of molecular species in tobacco mosaic virus proteins prepared 
at various intervals after plant inoculation 
(Data of Wyckoff (53)) 


TUfiB AFTER INOCULATION 

BXDIIODNTATION CONSTANTS (S X 10«) 

Ultracentrifuged samples 

Chemically extracted samples 

week* 

1 

174.3 

177.1 

2 

180.0 

179.3, 203.5 

3 

177.0 

170.6, 198.7 

4 

177.1 

172.1, 201.9 

5 

173.1, 198.8 

172.7, 201.1 

6 

172.9, 199.7 

170.9, 195.4 

7 

175.2, 198.9 

175.2, 196.6 

8 

175.3, 197.9 

178.3, 203.2 

13 

174.0, 205.3 



By the same method as was just used, it was shown that sub-units which 
could associate to give whole molecules of molecular weight 42.6 X 10*, 
ratio of length to diameter of 35, and iSj 0 - of 174 X 10~ 1S would have a 
molecular weight of 21.3 X 10*, a ratio of length to diameter of 17.5, and a 
sedimentation constant of 145 X 10 _1 * (23). Such a value differs suffi- 
ciently from 174 X 10 _l * so that it could easily be differentiated. Any 
other set of 'assumptions would lead to an even lower sedimentation 
constant for the virus in juice. Since no more slowly moving boundary 
was found in the sample of juice studied, it must be concluded that the 
virus molecules in this sample of plant juice were of the same weight and 
size as those in purified samples prepared by careful differential 
centrifugation. 
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FURTHER PHYSICAL-CHEMICAL STUDIES 

Absorption spectrum 

The ultraviolet light absorption spectrum of crystalline tobacco mosaic 
virus protein has been studied by Lavin and Stanley (26) and by Bawden 
and Pirie (2). It shows a spectrum similar to that of other proteins, 
excepting that it has a maximum at 2650 A. instead of at 2800 A. This is 
an important observation, inasmuch as the inactivation of the virus by 
irradiation is at a maximum for wave length approximating 2650 A. (10). 

Surface spreading 

Using the Langmuir trough, Seastone (37, 38) studied the surface 
spreading of tobacco mosaic virus protein. He found that the protein 
would not spread on dilute solutions of electrolytes (0.02 M) except in the 

TABLE 3 


The spreading of tobacco mosaic virus protein and of egg albumin on the surfaces of 
ammonium sulfate solutions 
(Data of Seastone (38)) 


CONCENTRATION OF AMMONIUM 

FILM ABBA AS M* PBR MILLIGRAM OF PROTBIN 

(pub cunt saturation) 

Tobacco mosaic 

Egg albumin 


tquare meter* 

tquare meter » 

0 

0.000 

0.1 

12.5 

0.008 

0.8 

25.0 

0.024 

1.0 

50.0 

0.020 

1.0 

75.0 

0.025 

1.0 

90.0 

i 

0.022 

1.0 


region of pH 1, where it spread to a small extent. His results show, how- 
ever, that the protein will spread on concentrated ammonium sulfate 
solutions to a maximum extent of from 0.020 to 0.025 square meter per 
milligr am (38). This is in contrast to the square meter per milligram 
occupied by films of such proteins as egg albumin and pepsin made in a 
similar manner (17). Evidently the tobacco mosaic virus protein does 
not unfold into a monolayer of a thickness corresponding to that of one 
amino acid, bs do the proteins of lower molecular weight. It should be 
noted (table 3) that the spreading of the tobacco mosaic virus protein on 
solutions of ammonium sulfate is a function of salt concentration only 
in the lower ranges, and that, in the cases of the more concentrated salt 
solutions, the area of the film obtained is essentially a constant; this behav- 
ior parallels that of egg albumin. This suggests a definite stable arrange- 
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ment of the tobacco mosaic virus protein molecules at the air-solution 
interface. 


Electrophoretic behavior 

The first electrophoretic studies on tobacco mosaic virus were made by 
Takahashi and Rawlins (47) in experiments on extracts of plants diseased 
with tobacco mosaic. They followed the migration of the virus by means 
of infectivity measurements and reported the material as being isoelectric 
below pH 4. Best (8), from precipitation studies, has reported the iso- 
electric point to be at pH 3.4. Electrophoretic measurements of chemi- 
cally isolated tobacco mosaic virus protein dissolved in acetate buffers of 
ionic strength of about 0.02 were made by Eriksson-Quensel and Sved- 
berg, using the Tiselius apparatus (14). The mobility-pH curve was 
found to have a slope, dp/dpH, of 1.23 n per second per volt per centimeter 
per pH unit, and the protein was found to be isoelectric at pH 3.49. In 
spite of the fact that the protein sample studied by these workers was not 
homogeneous with respect to sedimentation velocity, it was found to be 
electrophoretically homogeneous. Using the microcataphoresis apparatus 
of Northrop and Kunitz and adjusting the pH with hydrochloric acid and 
sodium hydroxide, Loring and Stanley (28) found that the isoelectric point 
of suspensions of crystals of the tobacco mosaic virus protein prepared by 
adding a small amount of ammonium sulfate to the solutions of the protein 
varied from pH 3.2 to 3.35. When acetate buffer was added the values 
were raised from 0.1 to 0.3 of a pH unit, depending upon the concentration 
of salts present. 


Changes due to hydrogen-ion effects 

In addition to the electrophoretic velocity which has already been 
discussed, there are other properties of the protein which vary with changes 
in the hydrogen-ion concentration. Sedimentation studies have been 
carried out by Eriksson-Quensel and Svedberg (14) and by Wyckoff (54) 
at various hydrogen-ion concentrations covering a wide range of the pH 
scale. It was found that, with the exception of the isoelectric zone, the 
sedimentation rate of the protein is essentially constant between pH 1.8 
and 9.0, and that at hydrogen-ion concentrations greater or lower than 
those within this range the protein is rapidly broken down into components 
with lower sedimentation rates. It is interesting and important to note 
that this zone of approximately constant sedimentation rate coincides 
almost exactly with the pH zone of stability of the protein as measured by 
biological activity (figure 7). 

Studies on the change of viscosity induced by altering the hydrogen-ion 
concentration have been made by Stanley (43) and by Lauffer (23). The 
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results of such a study are presented in figure 8. Double refraction of flow 
as measured by the method of Lauffer and Stanley (25) shows a behavior 
in general, though not rigorous, agreement with this viscosity behavior 
(figure 9) (23). These several behaviors suggest that, as one approaches 
the isoelectric point from either side, one encounters aggregation of the 
rod-shaped particles, at first end to end aggregation predominating and 



Fig. 7 Fig. 8 


Fig. 7. pH stability range of tobacco mosaic virus protein as measured by virus 
activity (Bolid line) and by sedimentation constant (dotted line). (Drawn from data 
of Best and Samuel, Stanley, Eriksson-Quensel and Svedberg, and Wyckoff, by 
Stanley (44)). 

Fig. 8. The relative viscosity of solutions of tobacco mosaic virus protein (0.5 mg. 
per cubic centimeter) in buffers of ionic strength 0.02 at various pH values. (Drawn 
from data of Lauffer (23)). 


errecT or p h on t m or tobacco mosaic virus rrotcin 



Fig. 9. Effect of pH changes on the stream double refraction of tobacco mosaic 
virus protein. (From Lauffer (23)). 

later side to side aggregation predominating. This suggestion is in agree- 
ment with the observation that at the isoelectric point the protein exists 
in the form of needle-shaped crystals containing rod-shaped molecules 
p a c ked side by side and end to end (7). Furthermore, the data of Mehl 
(31) show that the rotational diffusion constant evaluated from measure- 
ments of the orientation of tobacco mosaic virus particles in a mechanical 
field falls from 25 at pH 6.8 to 0.75 at pH 4.5. This is a direct indication 
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of a very considerable increase in length of the particle, substantiating the 
conclusion drawn from the viscosity and double refraction data. 
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Ten years ago the inclusion of studies on precipitin and agglutinin 
reactions in a symposium on the physical chemistry of the proteins would 
have occasioned raised eyebrows. To-day, there may still be some tend- 
ency to produce this effect, but I hope soon to have demonstrated that the 
subject properly belongs in such a symposium. In doing so it will be 
necessary to link some of the terms of immunology with those of chemistry, 
and you will therefore, I trust, pardon the introduction of a few definitions. 

When a foreign protein, called an antigen, is injected into an animal, 
there usually follows, some time later, the appearance of new substances in 
the blood serum of the animal. These substances, called antibodies, are 
characterized by their property of reacting with the antigen injected. 
When this interaction results in the formation of a precipitate it is called 
a “precipitin reaction.’’ Antigen-antibody interaction is specific, that is, 
antibodies arising from the stimulus of a given antigen, such as crystalline 
egg albumin, do not precipitate solutions of another albumin, such as 
crystalline horse serum albumin. More closely related protons may, 
however, cause animals to produce antibodies which overlap in part, and 
reactions between such antigens and antibodies evoked by closely related 
antigens are called “cross reactions.’’ 

An invading microorganism may, for present purposes, be considered as a 
collection of antigens. If these antigens stimulate the production of anti- 
bodies, these may interact with the invader, causing its direct or indirect 
destruction, and the animal is said to be immune. Antibodies to a 
microorganism may react not only with antigens extracted from the invad- 
ing cell to give precipitin reactions, but may react with such components 
on the effective bacterial surface. The bacteria then clump together, and 

1 Presented at the Symposium on the Physical Chemistry of the Proteins, held at 
Milwaukee, Wisconsin, September, 1088, under the auspices of the Divirion of 
Physical and Inorganic Chemistry and the Divirion of Colloid Chemistry of the 
American Chemical Society. 
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this special case of the precipitin reaction at the reactive microbial surfaces 
is called an “agglutinin reaction.” 

In the large group of encapsulated microorganisms to which the pneumo- 
coccus, or germ of pneumonia, belongs, the dominant cellular antigen 
occurs in the capsular layer. The complete antigen has not yet been iso- 
lated, but each serological type of pneumococcus (and there are some forty) 
appears to be characterized by a chemically distinct polysaccharide to 
which these type specific serological reactions are due.* When isolated, 
the carbohydrates are found to be capable of entering into precipitin 
reactions with antisera from animals injected with the same pneumococcus 
type, and these antisera also agglutinate pneumococci of the homologous 


TABLE 1 

Properties of immunologically specific polysaccharides of pneumococcus 


TYPE 

NITROGEN 

M. 

NEUTRAL 

EQUIV- 

ALENT 

acetyl 

URONIC 

ANHY- 

DRIDE 

REDUCING 

SUGARS 

AFTER 

HYDROLYSIS 

’relative 
0.2 PER 
CENT IN 

HlO 

’relative 

0.1 PER 
CENT IN 0.9 
PER CENT 

NttCl 


per cent 



per cent 

per cent 

per cent 



I 

4.6* 

+280° 

650 

7. It 

56 

30 

9 

1.7 

II 

0.2 

+55° 

950 

1 

18 

95 

11 

1.6 

III 

0.1 

-35° 

340 

0.5 

50 

85 

32 

3.0 

IV 

5.5 

+30° 

1500 

5.8t 


71 



VIII5 

0.2 

+123° 

720 

0.5 

27 

87 

17 

2.5 


* About one-half reacts as amino nitrogen. 

t Reacts as O-aeetyl (Avery, O. T., and Goebel, W. F.: J. Exptl. Med. 68, 731 
(1933); Pappenheimer, A. M., Jr., and Enders, J. F.: Proc. Soc. Exptl. Biol. Med. 
31, 37 (1933); Enders, J. F., and Wu, C. J.: J. Exptl. Med. 60, 137 (1934)). 

t Reacts as JV-acetyl (Heidelberger, M., and Kendall, F. E.: J. Exptl. Med. 63, 
625 (1931)). 

§ Goebel, W. F.: J. Biol. Chem. 110, 391 (1935); Heidelberger, M., Kabat, E. A., 
and Shrivastava, D. L.: J. Exptl. Med. 66, 487 (1937). 

type, owing to interaction with specific polysaccharide on the bacterial 
surfaces. Since these specific polysaccharides have functioned as “anti- 
gen” in chemical studies on the precipitin reaction, the properties of the 
most thoroughly studied members of the series are given in table 1. 

Since our discussion will deal only in part with protein antigens, let us 
review briefly the present status of our knowledge of the chemical nature 
of antibodies. It has long been known that antibodies occur in one or 
more of the globulin fractions of serum. Felton (4) has shown that, when 
antipneumococcus horse sera are poured into slightly acidified water, as 


1 For reviews see references 9 and 1. 
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touch as 90 per cent of the serum proteins may remain in solution, but 60 
to 80 per cent of the antibodies may precipitate. After removal of inactive 
material with add and treatment of the residual antibody protein with sine 
or aluminum salts, Felton (5, 6) isolated metal-antibody complexes which 
were completely precipitable by the pneumococcus polysaccharide of 
homologous type. Unfortunately, the globulins remaining after removal 
of the zinc or aluminum ions were only 80 per cent specifically pretipitable. 
As a consequence, however, of the studies on the mechanism of the pre- 
cipitin reaction about to be described, it has been possible to isolate from 
antipneumococcus sera antibody globulin solutions in which up to 100 per 
cent of the protein present was specifically reactive. Analytically pure 
antibody has been prepared in this way in two laboratories. It has the 
properties of serum globulin, as will appear later. If the protein in such 
solutions were adsorbed on a small amount of true antibody of unknown 
chemical nature, it would be a qualitatively distinct protrin fraction known 
to be absent in a normal serum which does not precipitate antigen, and 
since this indirectly defines the term “antibody,” antibody is protein. 
Additional evidence for this conclusion will be discussed below. 

The early theory of Ehrlich that immune reactions such as the precipitin 
reaction involved the chemical combination of antigen and antibody in 
stoichiometrical proportions was opposed by that of Bordet, which held 
them to be merely adsorption phenomena. It was soon necessaiy to 
modify the latter view in order to account for the specificity of immune 
reactions, and an initial chemical reaction was gradually assumed, followed, 
in the precipitin and agglutinin reactions, by flocculation due to the pres- 
ence of electrolytes. Arrhenius and Madsen stressed the reversibility of 
some antigen-antibody reactions, applied the law of mass action, and 
found analogies with the reaction of weak acids and weak bases.* It 
must be remembered that at the time these theories were enunciated, 
little was known of the chemical nature of either antigens or antibodies, 
and the only analytical methods available were either of biological nature 
or the essentially qualitative and entirely relative serological dilution 
methods with their large capacities for error. 

Before undertaking studies on the actual mechanism of the precipitin 
reaction, Dr. Kendall and I therefore found it necessary to abandon such 
techniques and to devise absolute micromethods for the estimation of 
antigen and antibody, conforming to the criteria of analytical chemistry 
and yielding accurate data regardless of the presence of non-specific pro- 
tein. 4 Precipitates formed from accurately measured quantities of anti- 
serum and antigen dilutions were washed under definite conditions with 

* For a more detailed discussion see reference 44. 

4 Reviewed by Heidelberger (10) ; see also reference 19. 
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0.9 per cent sodium chloride solution and analyzed for nitrogen. In the 
proper regions of the precipitin reaction range this procedure permits the 
estimation of antigen or antibody in milligrams per milliliter. 

The first instance of the precipitin reaction studied in this way by Ken- 
dall and myself was that between the nitrogen-free specific polysaccharide 
of Type III pneumococcus 6 and the partially purified antibody in a Felton 
solution prepared from Type III antipneumococcus horse serum. This 
choice of “antigen” greatly simplified the analytical problem of the compo- 
sition of the precipitates, for the polysaccharide made no contribution to 
the nitrogen precipitated. Once it had been shown that non-specific 
nitrogen was not involved, the nitrogen estimations became a direct 
measure of the amount of antibody precipitated. 

If a very small amount of S III is added to a relatively large amount of 
antibody, A, it is found that more than 40 mg. of antibody nitrogen may be 
precipitated for each milligram of S III. If increasing amounts of S III 
are added in separate portions to the same quantity of A, this ratio in 
the precipitate decreases steadily, with no evidence of discontinuity. In 
this region of the reaction range no S III can be found in the supernatants 
by the delicate serological test sensitive to a dilution of 1 : 10,000,000, so 
that it is assumed that all of the S III added is in the precipitate. In this 
region antibody is still in excess, as may be shown by addition of a little 
S III to a portion of the supernatant. With still larger amounts of S III a 
region of the reaction range follows in which neither S III nor A is demon- 
strable in the supernatant from the precipitate, and this we have termed 
the “equivalence zone.” With still larger amounts of S III the polysac- 
charide finally appears in the supernatant, and in this region precipitation 
of antibody is at a maximum. When still greater quantities of S III are 
added, antibody nitrogen precipitated remains constant while more of the 
S III added enters into combination. Finally, in some antibody solutions, 
at least, the precipitate attains constant composition, and with larger 
amounts of S III, less and less precipitate is formed, until finally precipita- 
tion is entirely inhibited. The region of diminishing precipitation is 
therefore termed the “inhibition zone.” The course of the reaction is il- 
lustrated by the curves in figure 1, except for the inhibition zone, and it 
was found at an early stage of the work that such curves, up to the equivar 
lence zone, cquld be expressed by the empirical equation 

Milligrams of antibody nitrogen precipitated « aS — bS* (I) 

In a sense these reactions are reversible, for the precipitate formed in the 
region of excess antibody takes up S III when shaken with a solution of the 

1 Subsequently referred to as S III. These studies were carried out with prepa- 
rations now known to have been degraded by heat (24). While this would affect 
the numerical values of the results, it in no way modifies the principles involved. 




Fig. 1 

polysaccharide and even dissolves in relatively concentrated S III solu- 
tions. The three limiting regions of the reaction range may therefore be 
represented by 

S + 4A?±SA« 

S + A ^ SA 
SA+ (*- 1) S ^ S»A 
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in the first two of which equilibrium must be far to the right, since measur- 
able dissociation cannot be detected. In these equations SA 4 represents 
in arbitrary units, not molecules, the limiting compound formed in the 
region of excess antibody, SA the composition of the precipitate at the 
midpoint of the equivalence zone, and S*A the composition of the soluble 
compound or compounds in the inhibition zone. It could be shown that 
S*A contained one more molecule of Sill than the precipitate in the 
inhibition zone in which it was in apparent equilibrium (16), in confirmation 
of the belief of Arrhenius and others in the presence of a soluble antigen- 
antibody compound in this zone. 

Since antibody probably exists in solution in physiological media as an 
ionized globulin sodium chloride complex, and S III is the highly ionized 
salt of a polyvalent aldobionic acid (12, 17), the reactions are probably 

TABLE 2* 


Effect of volume , final concentration of antibody , and time of standing 


VOLUME 

ANTIBODY B 62 AT 0°C. 

[ 

ANTIBODY B 61 AT 37°C. 

Antibody 
nitrogen 
pptd. by 
0.08 mg. 

S 111 in 

24 hr. 

Concen- 
tration of 
antibody 
nitrogen 

Antibody 
nitiogen 
pptd. by 
0.03 mg. 

S III in 

48 hr. 

Concen- 
tration of 
antibody 
nitrogen 

Antibody 
nitrogen 
pptd. by 
O.Ofi mg. 
Sill 

Concen- 
tration of 
untibody 
nitrogen 

Antibody 
nitrogen 
pptd. by 
0.10 mg. 
Sill 

Concen- 
tration of 
antibody 
nitrogen 

CC. 

mg. 

mg. per cc. 

mg. 

mg. per cc. 

mg 

mg. per cc. 

mg. 

mg. per cc. 

2 

0.88 

0.21 

0.87 

0.21 





4 

0.84 

0.11 

0 91 

0.10 

0.87 

0.25 

1.15 

0.18 

6 

0.83 . 

0.08 

0.87 

0.07 





8 

0.88 

0 05 

0.84 

0.06 

0.87 

0.12 

1.16 

0.09 

10 

0.84 

0.05 

0.84 

0.05 





12 

0.82 

0.04 

0 87 

0.04 

0.85 

0.08 

1.16 

0.06 


* Reprinted from reference 20. 


ionic, and the application of the mass law in some form would seem justi- 
fied. The precipitin reaction between Sill and homologous antibodies 
would then be merely a more complex instance of a specific precipitation, 
such as that between barium and sulfate ions. Even the inhibition zone 
may have at least a partial analogy in the well-known solubility of silver 
cyanide in excess cyanide solution. 

There are, however, difficulties in the way of a simple quantitative formu- 
lation of the reaction in terms of the law of mass action. In the first place, 
there is no evidence of the existence of definite stages between the limit 
of SA 4 in the region of large antibody excess and SA in the equivalence 
zone, or between SA and S*-iA. This might be overcome by assuming a 
continuous series of solid solutions, or that the mutual multivalence of S 
and A is so great that a continuous series of compounds could result. 
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While there is both structural (12, 17) and other (18) evidence that S III 
contains a number of immunologically reactive groupings, or valences, 
and while as much as is known of the structure of proteins permits the 
assumption of recurrent groups of amino acids which might be the centers 
of specific combination, there are valid objections to these views. Fore- 
most is the finding that the composition of the precipitate depends not 
upon the antibody concentration at equilibrium (20) (table 2) but on the 
proportions in which the components are mixed. This curious state of 
affairs not only prevents a simple treatment of the precipitin reaction 
according to the law of mass action, but also blasts the hopes of those 
colloid enthusiasts who have endeavored to characterize this and other 
immune reactions by adsorption isotherms, for adsorption isotherms, too, 
contain a concentration term. 

With the aid of several assumptions, a relation may still be found which 
accounts quantitatively for this and many other instances of the precipitin 
reaction, and may, moreover, be derived from the law of mass action. 
This is possible if the reaction be considered as a series of successive bi- 
molecular reactions which take place before precipitation occurs (20). 
The first step in the reaction between S III and A would then be 

S + A ^ SA (1) 

Since both S III and antibody may be considered multivalent® with respect 
to each other, as explained above, the SA formed in this reaction could react 
with other molecules of the same compound, or with S III, or with A, 
whichever is present in excess. 

Let us consider the subsequent course of the reaction in the region of 
excess antibody. The second step would consist of the two competing 
bimolecular reactions: 

AS + A ^ AS *A 
and 

AS + AS^AS-AS (2) 

There would follow a third step, in which the competing bimolecular 
reactions involved would be 

AS »A + A^±AS-A-A 
AS -AS + AS-AS-A 

AS-A + AS- A ^ ASA- ASA 

AS-A + AS-AS ASA-AS-AS 

and 

AS-AS + AS-AS ASAS-ASAS (3) 

• That is, with a valence of 2 or more. 
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in which the first two reactions would occur only in the presence of enough 
A to carry the composition of the reaction product beyond the A*S stage. 
Similarly, each compound formed in the third step would react with each 
other compound, or with more A, if present, to form still more complex 
substances, and the reaction would continue until particles would be 
formed large enough to settle from the solution, and precipitation would 
take place. The mutual discharge, with loss of affinity for water, of 
ionised groupings brought together by the series of chemical reactions 
would doubtless facilitate precipitation (32). 

If A and S III are mixed in equivalent proportions, the AS formed in 
reaction 1 would merely polymerize in steps 2, 3, etc., and the equivalence 
point precipitate would be (AS)». 

In the region of excess S III a similar series of expressions would apply, 
in which S and A would be interchanged in steps 2, 3, etc. In the pres- 
ence of a large excess of S, in the inhibition zone, there would also be pres- 
ent in solution a soluble compound, AS,, containing one more molecule of 
S in combination than the last insoluble compound (16). Since this is 
formed only with a very large excess of S, all of the specific groupings of A 
would tend to react with S rather than with AS complexes and there 
would be no large, insoluble, intermolecular aggregates formed. 

The final precipitate, then, would in each case consist of antibody mole- 
cules held together by varying proportions of S III molecules, thus: 

-ASA- 
-A-S-A-S or 
-S-A-S-A- 


A A' A A* 
•A -S-A-S-A- 
•A A A A 

...X... 


This view is similar to that presented recently by Marrack (32) but, it is 
believed, is more definite and more easily treated quantitatively. The 
process of aggregation, as well as the initial hapten-antibody combina- 
tion, is considered to be a chemical reaction between definite molecular 
groupings. 

In the mathematical treatment it is assumed, first, that the antibody, 
which is known to be a mixture of antibodies of varying reactivities, may 
be treated as a single substance; second, that in the initial stage of the 
reaction A reacts with S to give only AS; third, that in the second step of 
the reaction the products are AS- A and AS - AS; fourth, that the mass law 
applies, so that the rates of formation of AS -A and AS -AS are propor- 
tional to the concentrations of the reacting substances; and fifth, that the 
dissociation of AS-A and AS- AS is negligible. Although there is no 
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reason to assume discontinuities in the building up of the final aggregates, 
the reactions are arbitrarily treated as successive stages in ordei to simplify 
the mathematics involved. 

At the beginning of the second stage of the reaction, then, in the pres- 
ence of excess antibody, let 


A = total units of antibody in the reacting system, 

B = units of AS formed in the first step =* units of S added, 
A — B = units of free antibody at end of firet step, 

* = units of AS* A formed at time t, 
y = units of AS -AS formed at time t, and 
V — volume. 


Then 


and 


B — x 


concentration of free antibody at time t 


B x^ 2y concentration of AS at time t 

dx 

dt 


Rate of formation of AS- A ■» ^ = K — —■ — y — — ^ (4) 


Rate of formation of AS- AS = ^j| = K' y — — ^ 


( 5 ) 


Dividing equation 4 by equation 5, 

dx _ A — B — x 
dy ~ B — x — 2y 

if K — K'. Integrating, 

A — 2x y 


+ C 


2 (A - B- x )* (A — B - x )* 

To evaluate C: at start of reaction when f = 0, x ** 0, y ■= 0, 


C 


A . 
2 (A - B)* 


At the end of the reaction x + 2y = B. Therefore, 


X 



and y 


I? 
2 A 


Since each unit of x and y cont ains 2 units of antibody, the number of 
units of antibody precipitated is given by 2(x + y) which equals 



(6) 
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It will be noted that the volume factors cancel, so that the amount of 
antibody precipitated depends only on the relative amounts of antibody 
and S III present and not on their concentrations. 

This treatment of the problem involves only the formation of com- 
pounds having ratios between R and 2R, where R is the ratio of antibody 
to S III in the equivalence point compound. The experimental data show 
that compounds having ratios greater than 21? may be formed, for at 0°C. 
in the presence of a large excess of antibody ratios greater than 4 R are 
encountered. By extending the process used for the calculation of the 
second step to stage 3 and beyond, it is possible to calculate the amount of 
antibody precipitated by a given amount of S III when the ratio varies 
between R and 312 and also between R and 412. 

Similar formulas apply in the region of excess S, and in their derivation 
S and A are interchanged. In applying the equations to experimental 
data it is necessary to convert units into milligrams. This may be done 
by defining 1 unit of antibody nitrogen as 1 mg. A may then be put equal 
to the number of milligrams of antibody nitrogen precipitated at the 
equivalence point and R equal to the ratio of A to milligrams of S III at 
this point. Equation 6 then becomes 

R 2 S 2 

Milligrams of antibody nitrogen precipitated = 212S ^ - (7) 


If the validity of these considerations be admitted, the theoretical 
significance of a and b in the empirical equation I is now clear, for a = 212 
and b = 12 2 /A. Both of these constants have the immunological and 
chemical significance stated above. If, instead of taking the reference 
point as the difficultly determinable “equivalence point,” it be taken as 
either end of the equivalence zone, depending on the precipitin system 
studied, it will usually be found possible to avoid the more complicated 
R to 312 equations given in reference 20 and use only equation 7. The 
application of this to a number of antibody solutions and sera is shown in 
table 3. The agreement between found and calculated values is very 
close. 

If both sides of equation 7 be divided by S, the resulting equation, 


N -2P R2 > 
S ~ 2R ~ A' 


is that of a straight line. This linear relationship makes it possible to 
characterize an unknown Type III antipneumococcus serum or antibody 
solution in the region of excess antibody by two analyses, in duplicate. 
If the ratio of antibody nitrogen (N) to S III precipitated be determined, 
for two different amounts of S III in the region of excess antibody and a 
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straight line be drawn through the two points so obtained, the intercept 
on the y-am = 2 R and the slope = — J2 8 / A. With the R and \ values at 
the beginning of the equivalence zone calculated in this way, the amount 
of antibody nitrogen precipitated by any quantity of S III less than A /R 
may be calculated with a fair degree of accuracy. 


TABLE 3* 

Comparison of experimental data with values calculated according to 

R*S* 

nitrogen precipitated 2 RS — — ■ 



* Reprinted from reference 20. 

t R and A values in parentheses deduced from nearest actual determination. 


In employing equation 7 in the region of excess antibody, it is assumed 
that all of the antibody present is precipitated at the beginning of the 
equivalence zone. This is, however, not actually the case, for the amount 
of antibody nitrogen precipitated does not reach a maximum until S III 
is present in appreciable excess. For the complete description of the 
behavior of a serum in the precipitin reaction a separate determination of 
the maximum amount of specifically precipitable nitrogen is necessary. 

In the region of excess S III the behavior of a serum as far as the begin- 
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ning of the inhibition zone may be characterized by the determination of 
the A and S III precipitated at two points, since in this region the rela- 
tion, linear with respect to 1/Total S, 

Spptd. _ op , m* a 

A Total S 

applies if B' be taken as the S/A ratio at the end of the equivalence zone 
at which S III appears in excess and A be taken as the amount of antibody 
precipitated. 

In the inhibition zone, in which large amounts of S III are present and 
the amount of precipitate has begun to diminish, this equation is no longer 
applicable, and it is necessary to determine the apparent dissociation 
constant of the soluble compound S*A (cf. also 21). 

In spite of the wide variation in the properties of individual sera, these 
expressions permit the complete description of the behavior of an unknown 
antiserum with S III without an unduly burdensome number of micro- 
analyses or the sacrifice of a large amount of material. 

Application of these principles to precipitin systems in which the antigen 
is a protein is complicated by the necessity of distinguishing between 
antigen and antibody nitrogen if the composition of the precipitate is to 
be determined. This was accomplished with the aid of a red protein dye, 
Brsalt-azobiphenylazo-crystalline egg albumin, which was freed from 
fractions reactive in anti-egg albumin sera and then injected into rabbits. 
In this antigen-antibody system antigen could be estimated colorimetri- 
cally in an alkaline solution of the washed specific precipitate, while anti- 
body was determined by difference after a total nitrogen estimation. 
Equation 7 was found to be applicable in this system as well (21). With 
the cud of the information gained, a study was made of a colorless, indi- 
vidual protein, crystalline egg albumin, and its homologous antibodies, 
and this instance of the precipitin reaction was also found to be quanti- 
tatively described over a large part of the reaction range by the theory 
(22). The precipitin systems with crystalline horse serum albumin (30) 
and various thyroglobulins (38) and their homologous antibodies were 
also found to conform. The latter work afforded an opportunity of testing 
the assumption, made with S III and with egg albumin, that in the absence 
of a positive test in the supernatant all of the presumably pure antigen 
added in the' region of excess antibody would be in the precipitate, and, 
in the latter instance, could be deducted in order to calculate the amount 
of antibody precipitated. This assumption has been criticized by Taylor, 
Adair, and Adair (39), but was found justified in the one instance in which 
a direct test was possible. From 96 to 101 per cent of the thyroglobulin 
iodine added was precipitated in this region. Very recently, Pennell and 
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Huddleson (36) have found the above quantitative precipitin theory 
applicable to systems involving bacterial antigens of the Brucella group. 

It is also possible, as Kabat and I have shown, to adapt the micro- 
analytical methods used for studying the precipitin reaction to the estima- 
tion of pneumococcus agglutinins (13) and with these methods to show 
that Type I pneumococcus and its homologous antibody undergo reaction 
according to the same type of equation (14). The reaction is, however, 
simpler, since the exigencies imposed by the reactive bacterial surfaces 
limit the range of combining proportions of bacterial polysaccharide, and 
antibody. 

However, the mere agreement of even a large body of data with a theory 
does not demonstrate its validity. The microanalytical methods upon 
which the theory is based have met with general acceptance (cf., for 
example, 3, 28, 33, 36, 39) and have been extended to the toxin-antitoxin 
reaction (35), but the quantitative theory has fared less well (cf., for 
example, 29, 32). These objections will be discussed in detail on another 
occasion. It may be said at this time, however, that even though certain 
faults of the theory have been proclaimed repeatedly by Kendall and 
myself, and no more has been claimed for it than a first attempt at a gen- 
eral quantitative theory of two important immune reactions, it can explain 
much that is not accounted for by the older, essentially qualitative theories, 
and it has permitted several rather far-reaching predictions which could 
not otherwise have been foreseen. 

For example, a study of the effect of strong salt solutions on the reaction 
between pneumococcus polysaccharide and homologous antibodies (25) 
showed that the diminished precipitation and the decrease in the values 
of both constants in equation 7 (table 4) was not due to increased solu- 
bility of the precipitate. On the basis of the quantitative theory a re- 
versible shift in the equilibrium between polysaccharide and antibody 
was indicated, and the prediction was made that use could be made of this 
shift for the isolation of pure antibody. If, for example, 0.1 mg. of S III 
precipitated 1.24 mg. of antibody nitrogen from 1 ml. of a given antiserum 
in 0.15 M sodium chloride and only 1.01 mg. of nitrogen in 1.75 M sodium 
chloride, it should be possible, if the equilibria involved were reversible, 
to add 1.75 M sodium chloride to the washed precipitate formed in 0.15 M 
sodium chloride and dissociate 0.23 mg. of nitrogen, representing analyt- 
ically pure antibody. Practical difficulties in washing and h a n d li n g 
larger amounts of material prevented the immediate realisation of this 
ideal, but solutions of 90 to 98 per cent purity were readily obtainable in a 
single step from many antipneumococcus horse and rabbit sera of various 
types (23). With refinements in technique, analytically pure antibody 
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globulin was isolated (15), after this had already been accomplished by 
other slight modifications of our method by Goodner and Horsfall (7). 

Some of the highly purified antibody globulin solutions were studied 
in Upsala, Sweden, in the Svedberg ultracentrifuge. Pedersen and I 
found (26, 27) that the Type III pneumococcus antibody produced in the 
rabbit showed only a single component with a sedimentation constant of 

TABLE 4* 


Effect of varying sodium chloride concentrations on reaction between S III and antiserum 

607 at 0°C. and at S7°C. 


S III USED 

ANTIBODY NITROGEN PRECIPITATED 

AT 0°C. 

ANTIBODY NITROGEN PRECIPITATED 

AT 37°C. 

0.15 Af NaCl 

1.75 M NaCl 

0.15 M NaCl 

1.75 M NaCl 

mg. 

0.03 

0.04 

0.07 

0.075 

0.10 

0.151 

0.301 

1.001 

2.341 

mg. 

0.74 

1.12 

1.24 

mg. 

0.48 

0.83f 

0.91 

1.01 

1.07 

1.10 

1.08 

0.87 

mg. 

0.64 

0.97 

1 09 

mo. 

0.42 

0.78 

0.87 

0.91 

0.94$ 

0.85 

0.54 

Equations: 





mg. of antibody 





nitrogen pre- 





cipitated 

22.5 S-101 S* 

18.4S-83S* 

19.3 S-85 8* 

16.2 8-75 S» 

ait 

1.25 

1.02 

1.10 

0.87 


* Reprinted from reference 25. 

t The supernatant remained clear when dialyzed at 0°C. against 0.9 per cent 
saline. The nitrogen determinations were run according to Teorell (Acta Med. 
Scand. 68, 305 (1928)). 

| Excess Sill. 

§ One determination. 

If Calculated milligrams of antibody nitrogen precipitated at antibody excess 
end of equivalence zone. 

7 X 10~ 13 , the same as that of the principal component of normal globulin 
(figure 2). A similar preparation from horse serum was also monodisperse, 
but showed a sedimentation constant of 18 X 10” 18 , close to that of a minor 
globulin fraction of relatively high molecular weight present in all mam- 
malian sera (figure 3). Removal of the cell contents at different levels 
after centrifugation showed that the antibody had actually sedimented 
with the heavy portion. This pointed to an entirely different mechanism 
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for the production of pneumococcus anticarbohydrate in the home and the 
rabbit. Goodner, Horsfall, and Bauer, at the same time, concluded from 
ultrafiltration experiments that much of the anticarbohydrate in rabbit 
sera was smaller than that in horse sera (8). 

The same antibodies produced in other species of animals were purified 
in the laboratory of the Presbyterian Hospital and were shown by Kabat 
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Fig. 2 


and Pedersen (31) to exhibit similar differences. Table 5 shows the 
molecular weights established for the antibodies of the different species 
by these workers. 

From the above studies it is clear that pneumococcus anticarbohydrate 
and anti-egg albumin engendered in the rabbit have the same molecular 
size as that of the principal component of normal serum globulin, while 
the former antibody, as produced by the horse, cow, and pig, has a molec- 
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ular weight six times as great, corresponding to a minor component also 
present in all normal sera. If there could any longer be doubt as to the 
actual protein nature of antibodies, it would be dispelled by the typical 
protein electrophoresis curves found for several of the above antibody 
solutions by Tiselius (40) and by the study of the electrophoretic behavior 
of antibodies in whole antisera made by Tiselius and Kabat (41). 



Fig. 3 


The new information gained from this work has had its practical reper- 
cussions, as well, for it has furnished much of the theoretical background 
and practical methods of control for the use of antipneumococcus rabbit 
sera in the treatment of pneumonia (43). 

One other feature of the sedimentation diagrams shown in figure 2 is of 
interest. The last two diagrams illustrate the behavior of egg albumin- 
anti-egg albumin precipitates dissolved in an excess of egg albumin solution. 
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Evidence has already been given for the existence of actual ohsmica l com* 
pounds in the inhibition zone of the S Ill-antibody system, but the 
visualization of such compounds in the ultracentrifuge would seem to place 
their existence beyond question. It should be remembered that the 
specific precipitate was in this instance composed of aggregates of egg 
albumin, with a sedimentation constant of about 3.6 X 10~ u , and anti* 
body with «»7X 10““. The presence in the solution of a small number 
of components of higher sedimentation constant than either would seem 
to indicate the formation of definite compounds, for if the precipitate 
were merely “peptized” by the excess of antigen, as the colloidal explana- 


TABLE 5* 


Molecular weights of pneumococcus anticarbohydrate formed in animals of 

various species 



SaoXlO” 

DaXlP 

If 

Pin 

■ 

1.64 

930.000 

910.000 

930.000 

157.000 
157,000 

Cow 

18.1 

1.69 

Horse 

17.9 

1.63 

Rabbit 


4.23 

Monkey 

6.7 

4.06 



* Reprinted from reference 31. 

S ■» sedimentation constant; D — diffusion constant; M — molecular weight; 
f/fo — dissymmetry constant. 

Fig. 1 . Precipitation of Type III antipneumococcus horse serum by Type III 
pneumococcus specific polysaccharide. 

Fig. 2. Molecular species found in ultracentrifuge runs on rabbit sera and anti- 
body solutions. (Reprinted from reference 26.) 

Fig. 3. Molecular species found in ultracentrifuge runs on horse sera and antibody 
solutions. (Reprinted from reference 26.) 


tion goes, there is no a priori reason why this should stop short of the 
actual reaction components themselves. 

An additional result of the quantitative precipitin and ultracentrifugal 
studies is the possibility, now that the molecular weights of the reactants 
are known, of writing empirical formulas for the composition of specific 
precipitates at limiting points in the reaction range (11). The data are 
given in table 6 and need little comment, except that the formulas are 
to be considered as average compositions, and not those of single molecular 
species. However, if the conception of precipitate formation by the union 
of multivalent antigen with multivalent antibody is correct, each particle 
of precipitate is a molecule of vast size, of approximately the empirical 
composition indicated for a given point in the reaction range. Nor are 
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the compositions given of such extreme range as to render preposterous a 
treatment of the reaction according to the laws of classical chemistiy. 

Another prediction, made from the quantitative agglutinin theory, is 
of chemical interest, since its verification explains the r61e of salts in these 
immune reactions on a basis different from that currently held. The 
reversibility of the precipitin reaction, in the sense that a precipitate may 
be shifted from one region of the reaction range to another by addition of 
either component, suggested a similar possibility for the closely related 
agglutinin reaction. It was predicted that if, for example, Type I pneumo- 
cocci were agglutinated with a large excess of antibody, and that if the 

TABLE 6* 


Molecular composition of specific precipitates from rabbit antisera 


ANT1QEN 

EMPIRICAL COMPOSITION OF SPECIFIC PRECIPITATE 

COMPOSITION 
OF SOLUBLE 
COMPOUNDS 
IN INHIBITION 
SONE 

At extreme 
antibody 
oxcees 

At antibody 
excess end 
of equiv- 
alence 
sone 

At antigen 
excess end 
of equiva- 
lence sone ■ 

In inhibition 
sone 

Crystalline egg albumin (1) 

EaAfi 

EaAs 

Ea 2 A 6 — ♦ 

EaA 2 — > 

(EaA) 

Dye egg albumin (,) 

(DEaAfi) 

(DEaAa) 

DEa 2 A 6 — ♦ 

DEa 4 A, 

DEa s A (?) 

Crystalline serum albu- 






min <8) 

SaA# 

SaA 4 

SaAg — * 

SaA 2 — > 

(SaA) 

Thyroglobulin< 4 > 

TgA*o 

TgA, 4 

TgAio - 

TgAj - 

(TgA) 

Type III pneumoeoccus (6) 

SA 

S«A 2 

S 2 A — ♦ 

S 4 A 

S&A 


* Reprinted from J. Am. Chem. Soc. 60, 242 (1938). A = antibody; S « 
minimum polysaccharide chain weight reacting. Data in parentheses are some- 
what uncertain. 

(1) Heidelberger, M., and Kendall, F. E.: J. Exptl. Med. 62, 697 (1935). 

(2) Heidelberger, M., and Kendall, F. E.: J. Exptl. Med. 62, 467 (1935). 

(3) Kabat, E. A., and Heidelberger, M.: J. Exptl. Med. 66, 229 (1937). 

(4) Stokinger, H. E., and Heidelberger, M.: J. Exptl. Med. 66, 251 (1937). 

(5) Heidelberger, M., and Kendall, F. E.: J. Exptl. Med. 65, 647 (1937> 

excess of antibody were removed by thorough washing and the agglu- 
tinated pneumococci were resuspended in physiological salt solution, they 
would reagglutinate immediately into larger clumps on addition of appro- 
priate amounts of fresh Type I pneumococci or of Type I specific poly- 
saccharide. . It was also predicted that no change would occur on addition 
of, for example, Type II pneumococci or Type II specific polysaccharide, 
although conditions of electrical potential and cohesive force (34, 37) 
would be nearly identical. These predictions were fully verified (14). 
The experiments were considered to indicate that in this way the process 
of specific bacterial agglutination had been, in a sense, interrupted at an 
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early stage (much antibody and few pneumococci), and that resumption 
of the agglutination process under controlled conditions showed that 
aggregation into large clumps was merely a continuation of the chemical 
union of multivalent antigen on the effective bacterial surface with multi- 
valent antibody on other effective bacterial surfaces. The assumption of 
an initial static antigen-antibody union and the subsequent b uilding up 
of large aggregates through a combination of cohesive force and salt- 
lowered potential are thus contrary to actual experimental data. These 
data have been criticized (29), but the alternative explanation that dis- 
sociation of antibody could have occurred was eliminated by washing 
the initially agglutinated pneumococci until the supernatant no longer 
agglutinated added pneumococci, and also by the obviously greatly larger 
clumps formed in the reagglutination. 

Not only, then, is there evidence that the process of specific bacterial 
agglutination (and hence the precipitin reaction) differs from other aggre- 
gating systems long used as analogies, in that it behaves as a single chemi- 
cal reaction from beginning to end (see also Topley, Wilson, and Duncan 
(42)), but the same experiments place the function of salts in another 
light. The effect of salts may be interpreted as the purely secondary one 
of providing ions for the ionized salt complexes in which form antibody 
probably reacts, and, in addition, of minimizing electrostatic effects due 
to the presence of many ionized groupings on the particles, effects which 
might interfere with the completion of particulation by chemical inter- 
action. 

Whether or not the initial bimolecular antigen-antibody reaction on 
the bacterial surface can take place in the absence of electrolyte, the 
reactants carry ionized groups, and it is evident that the succeeding com- 
peting bimolecular interactions between polysaccharide molecules on 
partly sensitized cells and additional antibody in solution or on other 
cells would soon result in the formation, in the absence of electrolyte, of 
particles carrying large numbers of ionized groups. Coulomb forces on 
such particles are known to cause abnormally great viscosities and Donnan 
effects, so that it would not be surprising if these forces would prevent 
the continuation of the chemical reactions resulting in the completion of 
what is commonly recognized as specific bacterial agglutination. Only 
when the effect of these forces is eliminated by a sufficient ionic atmosphere, 
on addition of electrolyte, is it possible to obtain significant figures for 
viscosity, osmotic pressure, sedimentation constants, and the like. To 
ascribe a similar rdle to electrolytes in specific bacterial agglutination 
would seem reasonable and consistent, for after reduction of the Coulomb 
forces the growing particles could again interact chemically, and the 
process of agglutination be completed. An analogous explanation of the 
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function of salts in the reaction between the heterogenetic antigen of beef 
kidney and antibody had already been given by Brunius (2), but this was 
not known until after the publication of our paper (14). Possibly these 
immunochemical studies will contribute to an understanding of the 
mechanism of the agglutination of suspended particles in general. 

Enough, then, has been cited to show the utility of the quantitative 
theories of the precipitin and agglutinin reactions as working hypotheses 
and temporary expedients until additional precise information makes a 
better structure possible. A beginning has been made, but only through 
the continued codperative efforts of the organic chemist, the physical 
chemist, and the biologist is it likely that there will result a final under- 
standing of the complex chemical phenomena underlying immunity. 
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The most striking characteristic of the polar groups of protein molecules 
and of protein surfaces or films is the presence of comparatively large 
numbers of amino and carboxyl radicals. While many groups besides the 
COO~ and NH*+ groups serve to determine the general polarity of the 
molecule, these and other acidic and basic groups alone primarily determine 
the net charge of the protein under ordinary conditions. 

A most sensitive indicator which gives special information regarding the 
number and orientation of the COO- and NH* + groups of protein surfaces 
is the electric mobility. Thus, it will be shown that, for the cases so far 
investigated, when 

£ COO" - £ nh, + 

on each molecule over a time average, the electric mobility is zero, and the 
protein or the protein surface is called isoelectric. Near the isoelectric 
point the slope of the electric mobility-pH curve is greater than at regions 
far removed from the isoelectric point. An exception to this rule is found 

1 Presented at the Symposium on the Physical Chemistry of the Proteins, held at 
Milwaukee, Wisconsin, September, 1938, under the auspices of the Division of 
Physical and Inorganic Chemistry and the Division of Colloid Chemistry of the 
American Chemical Society. 
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only in fairly alkaline solutions where the possibility of the instability of 
protein exists. On the other hand, in acid solutions not only does the 
difficulty of interpretation of hydrogen-ion activity measurements exist, 
but also the electric mobility curve of proteins flattens out so that the 
change in electric mobility, v, with pH becomes quite unimportant. In 
view of the fact that at or near the isoelectric point the value of dtr/dpH 
is usually a maximum, experiments designed to investigate changes in the 



Fio. 1. The electric mobility of horse serum albumin as a function of pH, in 0.02 M 
acetate buffers at 20°C. There is no significant difference between the data for 
adsorbed (Abramson, Moyer) and dissolved (Tiselius) protein. The smooth curve 
was drawn free-hand through the points. 

number and distribution of the polar groups of proteins and other organic 
ampholytes incidental to changes in state have always included measure- 
ments made at or near the isoelectric point. In this communication, 
systems will be described which summarize the changes in number and 
orientation of the amphoteric polar groups of proteins after adsorption at 
solid-liquid and liquid-liquid interfaces. In addition, data will be pre- 
sented which will indicate the nature of the changes in the isoelectric point 
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occurring at the' surfaces of organic ampholytes like amino acids incidental 
to crystallization. 

On the basis of recent data, the changes in the polar groups of organic 
ampholytes incidental to surface formation may be classified into three 
groups: 

Group I: This group deals primarily with proteins after adsorption by 
quartz and other particles. Within the limits of the method employed, 
little or no change occurs in the number and orientation of the acid and 
basic groups, as indicated by the constancy of the electric mobility and the 
isoelectric point. 

Group II: This group, as group I, is composed of proteins. In group II 
slight changes in the number and orientation of polar groups occur, as 
evidenced by a change in the isoelectric point of the surface and the 
mobility-pH curves. 

Group III: Here profound changes in the nature of the orientation and 
in the number of polar groups occur with surface formation. The best 
examples are the surfaces of amino acid crystals. 

The first part of this paper will be concerned with these three groups. 
In the second part the relationship between titration curves and electric 
mobility of proteins will be discussed. Finally, the calculation of an 
“effective 1 ' radius for protein molecules from mobility data and its inter- 
pretation will be presented. 

I. FILM FORMATION BY AMPHOLYTES 

Group I 

Although numerous experiments on adsorbed protein surfaces or particles 
of denatured protein had previously been performed by Pauli and Flecker 
(38), Walpole (49), Brossa and Freundlich (15), Loeb (22), Hitchcock (21), 
Reinders and Bendien (40), Freundlich and Abramson (19), Prideaux and 
Howitt (39), and Mattson (23), a direct comparison of the electric mobili- 
ties of dissolved proteins and of protein surfaces was not possible until 
Tiselius published his first group of moving boundary data in 1930. 

The first direct comparison of the electric "mobility of a dissolved protein 
with that of an adsorbed protein under precisely similar conditions was 
made by Abramson in 1932 (5). In figure 1 are given the data of Tiselius 
for the dissolved form of horse serum albumin and those of Abramson (5) 
and Moyer (29) for quartz and collodion particles, respectively, coated with 
this protein. All measurements presented were made in 0.02 M acetate 
buffers by methods described by Abramson (8), Abramson and Moyer (11), 
Abramson, Moyer and Voet (13), and Moyer (24, 28). 

It may be seen from figure 1 that the points fall together on a smooth 
curve within the limits of experimental error, and therefore that the 
electric mobilities of dissolved serum albumin (in 0.02 M acetate buffer) 
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are the same as the electric mobilities of quartz and collodion particles 
covered with complete films of serum albumin. It is not known whether 
these films are monomolecular or polymolecular. The experiments were 
performed with a sufficient concentration of protein, to yield at least com- 
plete films. Neither the size nor the nature of these particles covered with 
films of protein influenced the electric mobility of the protein-covered 
particles. Indeed, it was found in acetate buffers and in solutions contain- 
ing other electrolytes that the mobility of a microscopically visible, protein- 
covered quartz particle having a diameter of 1 micron was exactly equal to 
the electric mobility of a particle similarly covered with protein but 10, 
100, or even 1000 times larger (4, 8, 10). More striking, the ratio of the 
electrophoretic mobility of the particle to the electroosmotic mobility of 
the liquid along a flat surface covered with the same protein is equal to 1.0 
(4, 6, 8, 16, 17, 27, 30, 33). In other words, protein films of this kind had 
mobilities independent of the size, shape, and orientation of the particle. 
All of these results may be visualized as follows: A single dissolved serum 
albumin molecule migrating in the same field with a quartz particle 1 
micron in diameter, covered with a film of serum albumin, and a baseball 
covered with a film of this protein in the same electric field would migrate 
at the same rate. The physical reality of the phenomenon is approached 
by imagining that, rather than the particle itself in motion, we have the 
water streaming past the particle, with the result that the water has the 
same speed whether streaming past a single albumin molecule or passing 
along a wall coated with serum albumin. 

The electric mobility, t>, of a sphere or of other highly simplified models 
of charge density <r and radius r may, under certain circumstances, be 
represented by an expression of the form, 

V = f(ff, r) 

in a given medium (8). In order for the electric mobility to remain the 
same after adsorption of the protein on a surface, both the charge density 
and the radius must change in such a way that they exactly compensate 
one another, or else both must remain the same after adsorption as in the 
freely dissolved state. This maintenance of constant electric mobility for 
a single dissolved molecule and the adsorbed film could hardly be achieved 
by such a compensation mechanism. It is necessary, therefore, to con- 
clude that in this instance there was no important change in the orientation 
or activity of the carboxyl and amino groups incidental to the adsorption 
of the protein and the formation of the complete film. Furthermore, a 
large degree of distortion in the molecules of the outermost layer could not 
have occurred. That is, the effective radii of curvature of the adsorbed 
protein molecules are essentially the same as the effective radii of curvature 
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of the dissolved molecules. The implications of this conclusion have been 
discussed by Abramson (5) and by Moyer (27, 28, 31). 

An investigation by Gorin, on the other hand, has shown that with the 
charge remaining constant a simple elongation of the molecule, which would 
amount to a distortion, could occur without changing the mobility very 
much. However, it is unlikely that the net charge would remain constant 
upon distorting the molecule to any appreciable extent. This is supported 
both by the “salt-bridge” theory and by the work on egg albumin to be 
presented later in this paper. 

Another protein which has since been investigated is pseudoglobulin. 
A comparison of the data on dissolved pseudoglobulin found by Tiselius 



Fig. 2. The electric mobility curve of horse serum pseudoglobulin in buffers of a 
constant ionic strength of 0.1 at 20°C. Notice that a single curve fits the data for 
dissolved protein (Tiselius) as well as for adsorbed protein (Moyer). 

(47) with the moving boundary method with those for adsorbed pseudo- 
globulin films on collodion particles by Moyer (29) reveals the same 
remarkable constancy of electric mobility from pH 4 to pH 8. This 
comparison is made in figure 2. This protein and serum albumin appear 
to be the only ones for which data are available for exact comparisons of 
the dissolved and adsorbed forms. Other data, however, give indirect 
evidence that similar cases may exist. 2 

* The data on the mobility of particles coated with gelatin and its relation to the 
titration curves of dissolved gelatin furnish indirect evidence that gelatin is another 
protein that displays this remarkable property. They will be presented in the 
section on titration curves and mobility. 
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Further experiments may be directed toward studying films of the 
various globulin fractions now made available by the more recent experi- 
ments of Tiselius (48) with the Toepler method of analysis of the moving 
boundary. The comparison of the films of these proteins, and of their 
mixtures, with dissolved molecules will be especially interesting, not only 
from the immunological point of view but also for a further analysis of 
the surface composition of living cells. In the case of systems where the 
protein itself can be traced by the behavior of protein-coated quartz 
particles, further elucidation of the problem of mutual adsorption of pro- 
tein, or of selective adsorption of protein, may be sought. Experiments 
in this field have been begun by Moyer and Moyer (35). Earlier investi- 
gations of Abramson (2) on the behavior of quartz and paraffin oil droplets 
in whole serum are a case in point. Other biochemical and biological 
applications have been recently discussed by Abramson (8), Abramson 
and Moyer (11), and Moyer (25, 26, 31). 

Group II 

In the case of egg albumin the electrophoretic behavior of the adsorbed 
film differs slightly, but definitely, from that of the molecules in solution. 
The results of Moyer (28), Abramson (5), and Tiselius (46) are shown 
in figure 3. The solid line, labeled “adsorbed” in the figure, represents 
the smoothed data of Moyer for films of egg albumin on quartz, glass, 
oil droplets, collodion, and carbon. Earlier work of Abramson for films 
on quartz is represented by the closed circles. Data of Tiselius for dissolved 
egg albumin are shown by the open circles. 

It may be observed that the smoothed curve for adsorbed egg albumin, 
found by Moyer and with which we agree, is essentially parallel to that 
of Tiselius over the range of pH investigated. However, it is definitely 
shifted to the right on the pH scale; the isoelectric point is at about pH 
4.82 instead of pH 4.55. In the same figure is shown the smoothed curve 
by Moyer (broken line) for the mobilities of particles of surface-denatured 
egg albumin prepared by shaking. This curve lies still further to the 
right (isoelectric point at about pH 5.0) than that of the adsorbed normal 
egg albumin. The discrepancy between the points of Abramson and the 
smooth curve of Moyer is probably due to the fact that Abramson used 
quartz particles which had been in long contact with water. This is 
borne out by the fact that Moyer's curve for egg albumin films on silica 
gel particles is also anomalous and within the limits of error of Abram- 
son’s points. 

It is evident that the electrokinetic properties of air-denatured egg 
albumin are considerably different from those of molecules of egg albumin ■ 
in solution. The differences in the isoelectric point are to be correlated 
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with changes in the relative strengths of the acidic and basic groups inci- 
dental to denaturation. Alterations in the shape of the molecule may 
also occur. These would be expected to result in a curve of different 
shape, but would only indirectly affect the isoelectric point (28). No 
definite conclusions may be drawn however, for changes in the shape of 
the curve must also accompany changes in the number and relative 
strengths of the available acidic and basic groups. 

The “salt-bridge” theory of Stearn and Eyring (43) is useful in con- 
sidering changes in the relative strengths of acidic and basic grbups that 



Fig. 3. Comparison of the data of Tiselius for dissolved egg albumin with the 
results of Abramson and of Moyer for adsorbed films of this protein. The smooth 
curve of Moyer represents the best curve drawn through data obtained with five 
preparations of egg albumin adsorbed on five different surfaces. For comparison, 
the smoothed curves for air-denatured egg albumin and egg albumin adsorbed on 
silica gel have been included. All data were obtained at m M 0.02 and T «• 20°C. 

might occur upon denaturation. According to these authors, bonds be- 
tween NHa + and COO~ on opposite side chains are at least partially 
responsible for the maintenance of the folded state of the native protein. 
Upon denaturation, according to the widely accepted theories of Wu (51), 
Astbury (4), and others, the molecule unfolds and therefore these salt 
bridges are broken, say Stearn and Eyring. It is to be expected then, 
from this picture, that shifts in the relative strengths of the amino and 
carboxyl groups would occur upon denaturation, for important changes 
would take place in the position of some of these groups in the molecule. 
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Since the isoelectric point of the adsorbed films lies between that of 
the dissolved and denatured egg albumin, the molecules in these films 
may be considered to be “partially denatured.” It is not to be inferred 
without further evidence that all the physical, chemical, and biological 
properties of the molecules in the adsorbed film lie between those of the 
dissolved and surface-denatured form. Rather, the term “partially de- 
natured” is used to indicate that the difference between dissolved and 
adsorbed egg albumin may be due to the instability of this native protein 
toward surface dcnaturation. 

Some difficulty may be experienced in classifying the electrokinetic 
behavior of insulin crystals. We have found no data in the literature 
for the electric mobility of insulin in the dissolved state, but data are 



Fio. 4. A comparison of the electric mobilities of aspartic acid crystals in hydro- 
chloric acid solutions and the titration curve of dissolved aspartic acid. The arrow 
indicates the position of the isoelectric point of dissolved aspartic acid. •, hydro- 
chloric acid. Smooth curve, titration. 

available for the electrophoretic behavior of adsorbed insulin and amor- 
phous particles of insulin suspended in buffers (50). If amorphous insulin, 
that is, insulin precipitated rapidly from solution at the isoelectric point, 
and films of insulin on quartz are compared directly in the same solution 
near the isoelectric point, the mobilities are, within the limits of error, 
identical. Crystals of insulin, however, studied under the same condi- 
tions, show a divergence from this behavior. The isoelectric point of 
one preparation of insulin crystals studied by Wintersteiner and Abramson 
differed from that of the adsorbed film of insulin by approximately 0.35 
pH unit. The general shape of the mobility-pH curve of the insulin 
crystals is that of a typical ampholyte. It is not known in this instance 
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how much adsorbed insulin was present on the surface of the crystalline 
insulin, because some dissolved insulin is always present even at or near 
the isoelectric point. We may perhaps tentatively include insulin in the 
second group, because the difference between adsorbed and crystalline 
insulin is not marked. This difference might have been greater if no 
dissolved insulin at all had been present. On the basis of their state of 
aggregation, a better classification would perhaps include insulin crystals 
in the group of amphoteric crystals, the amino acids, which are now to be 
discussed.* 

Group III 

The recent work of Abramson and Moyer (12) on the electrokinetic 
properties of amino acid crystals furnishes data for a third type of be~ 
havior, — the very different isoelectric points and mobilities of dissolved 
and crystalline amino acids. It is offered, not because it is exceptional 
from a general point of view, but because it allows, by contrast, a better 
insight into the unique behavior of the protein surfaces included in the 
first group. 

Crystals of aspartic acid, cystine, and tyrosine were suspended in hydro- 
chloric acid, and, in the case of the last two, also in buffers at two ionic 
strengths. Their mobilities were determined in the flat microelectro- 
phoresis instrument of Abramson (1, 3, 8, 9) over a wide range of pH. 
Results are given in figures' 4 to 6 and are compared with those predicted 
for the dissolved molecules either from titration curves or solubility deter- 
minations. It is seen from these figures that the difference between the iso- 
electric points of dissolved and crystalline amino acids ranges from 0.5 
pH unit in the case of aspartic acid to more than 3.0 units in the case of 
tyrosine, and that the isoelectric points of the crystals of the three sub- 
stances are very close together (about pH 2.4), while those of the corre- 
sponding dissolved amino acids are far apart. The curves obtained for 
the crystals show no inflections at the isoelectric points of both the dis- 
solved and the crystalline forms. 

The effects of salts on the mobilities of cystine and tyrosine were inves- 
tigated. It may be seen from figures 4 to 6 that increasing the ionic 
strength decreased the mobility at a given pH value. No data of this 

* One of us (H. A. A.) has measured the electric mobility of hemoglobin crystals 
at the isoelectric point of dissolved hemoglobin in a saturated solution of hemo- 
globin in phosphate buffers. Under these conditions the hemoglobin crystals were 
negatively charged. An insufficient number of experiments and the presence of 
impurities, even though the preparation had been recrystallised several times, 
prevent further comments from being made at this time, but the data illustrate that 
protein crystals, even in the presence of concentrated, saturated solutions of the 
protein, may not have the electrokinetic properties of the dissolved molecules. 
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Fig. 5. The electric mobilities of cystine crystals suspended in hydrochloric acid 
and in sodium acetate buffers. The arrow points to the isoelectric point of dissolved 
cystine. tOO> hydrochloric acid; 3, iV7200 sodium acetate; □, i\T/200 sodium 
acetate + N/b sodium chloride. Smooth curve, solubility (Sano). 



Fig. 6 . The electric mobilities of tyrosine crystals suspended in hydrochloric acid 
and in sodium acetate buffers. The arrow points to the isoelectric point of dissolved 
tyrosine. #, hydrochloric acid; €), N / 200 sodium acetate; O, N / 200 sodium acetate 
-I- N/S sodium chloride. Smooth curve, solubility (Hitchcock). 

type were obtained on the positive side of the isoelectric point of the 
crystals, nor are there any data very close to the isoelectric point. Avail- 
able measurements appear to extrapolate to the value of the isoelectric 
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point obtained for hydrochloric acid solutions. However, the possibility 
of the existence of bends in the curves at lower values of pH, with corre- 
sponding shifts in the isoelectric points, must be taken into 
The tremendous shift in the isoelectric points of the surface of 
acid crystals is probably not to be explained merely by a corres ponding 
change in the relative strengths of the acidic and basic groups. That 



Fig. 7 Fig. 8 

Fig. 7. A comparison of the electric mobilities of emulsion droplets of simple 
alkylbenzenes with those of the surfaces of crystalline amino acids. O, n-propyl- 
benzene; •, ethylbenzene; I, cystine (crystal); II, tyrosine (crystal); III, aspartio 
acid (crystal). 

Fig. 8. This figure illustrates the influence of polyvalent ions on the isoeleotrio 
point. By dividing the ordinate values by 13 the approximate electrical mobility 
may be obtained. The abBoissa represents molarity of (1) sodium ferrocyanide, 
(2) sodium chloride, and (3) lanthanum chloride. Note that even at very low con- 
centrations of polyvalent ions, the effect is much more than was observed at much 
higher concentrations of uni-univalent salts. 


large changes in the relative strengths of the acidic and basic groups of 
the crystal surfaces, compared with those of the dissolved molecules, 
might occur is not to be denied. It is unlikely, however, that the charge 
at the surface of the amino acid crystals is solely determined by the 
amphoteric properties (ionogenic) of the surface. Negative ions may 
also be adsorbed at the surface. The net charge would then result from 
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a competition of hydrogen ions, or positively charged amino acid mole- 
cules, and the anions in the solutions, with a shift of the isoelectric point 
to lower pH values. 

In the same paper Abramson and Moyer (12) reported investigations 
of the mobilities of droplets of n-propylbenzene and ethylbenzene in solu- 
tions of hydrochloric acid (pH 2 to 4). Their results are shown in figure 7 
(taken from figure 6 of Abramson and Moyer) along with the corresponding 
results for cystine, tyrosine, and aspartic acid crystals already discussed. 
The non-amphoteric surfaces of n-propylbenzene and ethylbenzene show 
some similarities to those of the amino acid crystals. They differ pri- 
marily in the apparent absence of a reversal of charge at lower values of 
the pH. The mobilities are, in addition, greater at corresponding values 
of the pH. 

II. TITRATION CURVES AND MOBILITY 

The demonstration (5) that a direct proportionality exists between 
titration curves and electric mobility in simple systems furnished a basis 
for further applications of electrokinetic data to the investigation of the 
nature of the surfaces of protein molecules and of adsorbed films of pro- 
teins. For if, at constant ionic strength in simple systems, the average 
charge of the molecule is known to be almost completely determined by 
the average number of equivalents of hydrogen or hydroxide ions bound, 
it follows that changes in the isoelectric point incidental to surface film 
formation must be directly correlated with changes in the relative strengths 
of the amino and carboxyl groups. Furthermore, the application of 
modern theories of electrolytes to the interpretation of the entire mobility 
curve would be almost impossible if the average charge on the molecule 
were not known. 

It must be emphasized that the preceding remarks are made specifically 
for protein solutions containing only simple electrolytes which do not 
form protein complexes (5, 7, 8). Loeb (22), for example, showed that 
particles of casein, denatured egg albumin, and gelatin were markedly 
influenced at the isoelectric point by polyvalent ions. Thus, a trace of 
sodium ferrocyanide (Af/65,000) increased the mobility of isoelectric egg 
albumin particles to values unusually high for proteins at the pH investi- 
gated. Other data may be found among the investigations of Tiselius (46), 
who found that Ba++ shifted considerably the isoelectric point of dissolved 
egg albumin. The effect of citrate ion on the isoelectric point is well 
exemplified by the data of Ottenberg and Stenbuck (37), who found that 
the isoelectric point of typhoid agglutinin in solution was shifted about 
1 pH unit by citrate buffers. The effects of other ions have been inves-, 
tigated by Smith (41, 42) with particles coated with egg albumin. 
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While data obtained on the electric mobility of proteins in the presence 
of polyvalent ions may be of significance in evaluating specific ion effects, 
considerable caution should be exercised before interpreting mobility data 
obtained in this way* At present it seems most pertinent for further 
progress to investigate the electric mobility and charging process of pro- 
teins in the presence of salts which do not shift the isoelectric point 
markedly. It might be of interest to investigate proteins in the presence 



Fig. 0 . Comparison of the titration data of Moyer and Abels (32) with the mo- 
bility data of Tiselius (40) for dissolved egg albumin at 25°C. The different kinds 
of circles represent different preparations of egg albumin. AH determinations were 
made at a constant ionic strength of 0.02. 


of perchlorate ion, because it, of all anions, has shown the least tendency 
to form complexes in other systems. 

To demonstrate the proportionality between the combining power of 
proteins with acids and bases and their electric mobilities, various methods 
of plotting have been employed. The method employed here is that used 
by Abramson (5). In a plot with the number of equivalents of acid 
(base) bound per gram of protein as ordinate and the pH as abscissa, the 
aero point on the ordinate is found by shifting the codrdinates vertically 
until the curve goes through zero at the isoelectric point as determined 
by electrophoresis. The mobility data are then compared with the titra- 



358 


B. A. ABRAMSON, M. H. GORIN AND L. S. MOYER 


tion data by taking any single point on the smoothed mobility curve 
and multiplying the mobility by a factor that will make the two curves 
correspond. If, when all the experimental points are multiplied by this 
same factor, they fall on the titration curve within the limits of error, 
this proportionality is to be considered as demonstrated. The most care- 
fully worked out case is that of Moyer and Abels (32) for egg albumin. 
It iB presented in figure 9, which was constructed as described above. 
In this instance, both sets of data had been measured at the same, con- 
stant ionic strength. 



Fig. 10. Eleotrio mobility curves of serum albumin (9) and pseudoglobulin 
(dissolved, O; adsorbed, ©) in phosphate and acetate buffers at ^ “ 0.1. The 
smooth curves are the titration curves for these proteins drawn to fit the mobility 
data. The scales for the titration curves are different. The ordinate gives equiva- 
lents of hydrogen ion bound when multiplied by 2 X 10~ 4 for pseudoglobulin and by 
3 X 10 -4 for serum albumin. This shows that over a wide pH range the electric 
mobility of these proteins is proportional to their combining power with hydrogen 
(or hydroxide) ions. (From Moyer and Abramson (34)). 

There has been considerable confusion about the definition of the iso- 
electric point for ampholytes. Physically, this point refers to conditions 
under which the mobility of the ampholyte is zero, and therefore it can 
only be strictly defined in terms of the charge on the ampholyte and deter- 
mined by electrokinetic or conductance measurements (8, 12). Thermo- 
dynamic definitions of the isoelectric point involve assumptions which 
may or may not be strictly valid but certainly cannot be taken for granted 
until demonstrated in each individual case. For proteins in simple sys- 
tems containing only uni-univalent electrolytes, the assumptions are very 
nearly valid in cases so far investigated, and the thermodynamic definition 
may be considered applicable. It seems desirable, however, to define 
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the isoelectric point more generally, as suggested by one of us (8). Accord- 
ing to this point of view, the isoelectric point of an ampholyte, whether 
dissolved or 'constituting a surface film, may be defined as a reference 
concentration (H + , for example) at which 

j, jf di «.*<(«) + £ «.*<(— e)j = 0 ^ 

(T » r) 

f 

Here e is the electronic charge and n< is the number of ions of the i th type, 
of valence «<, at the surface during the time d<. T represents the time 
of observation and r the life period of an ion at the surface. The condi- 
tions relating to the life period, r, of the ion may be fulfilled by observing 
a large number of fluctuations during the period of measurement, i.e., 
a statistical sample. 

Other cases in which the proportionality has been demonstrated be- 
tween acid (base) bound and mobility are those of serum albumin and 
pseudoglobulin (34). They are shown in figure 10 and drawn as described 
above. Other cases referred to at the beginning of the section are those 
of gelatin and deaminized gelatin. There are no data available for the 
mobility of the dissolved forms, but it has been shown that a simple 
proportionality exists between the mobility of quartz particles coated 
with gelatin and the acid(or base)-binding of the dissolved form. It was 
thus shown indirectly that gelatin is another protein for which the mo- 
bilities of the dissolved and adsorbed forms must be very nearly identical. 


m. INTERPRETATION 07 ELECTRIC MOBILITIES 

Calculation of protein radii 

The potential at the surface of a particle of known net charge Q in 
solutions of electrolytes depends upon the size and shape of the particle, 
the charge distribution over its surface, and the nature of the electrical 
double layer surrounding the particle. For a rigid sphere, Debye and 
Hilckel (18) derived the following expression for the surface potential, f, 


f 


Q 

Dr{ier + 1) 


( 2 ) 


where D is the dielectric constant of the medium, r the radius of the 
molecule, Q the charge on the molecule, and k «= 0.328 X 10 *\/ C for 
uni-univalent electrolytes at 25°C. The mobility, v, is related to f as 
follows, 

DtfW 

6inj 


v 


(3) 
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where i? is the viscosity of the medium (8, 27), and, according to Henry (20), 4 * * * 


f(icr) 


{*♦ 


(«•)* 5(xr)* 


16 


48 


W 4 , («0 
96 r 96 


• r i2 (-)‘ wi r*~'A 

L 96 96 J L t d 7 


The function, /(xr), varies between 1 and 1.5 as xr goes from zero to 
infinity. From equations 2 and 3 it follows that 


_ QfW 

V 6mj(xr + 1) 


(4) 


The assumptions involved in the Debye-Hiickel development are: 
(1) Charge is uniformly distributed over the surface. (2) Interactions 
due to dipole and higher moments may be neglected; also, interactions 
due to van der Waals’ forces are negligible. ( 3 ) Electrical interaction 
(e/0 is small compared with the thermal energy of the ions in the ion 
atmosphere (kT). The assumption of uniform distribution of charge can 
only be justified by experimental verification of the theory. The re- 
maining two assumptions are probably nearly valid for protein molecules 
under ordinary conditions. 

Having demonstrated that the mobility under certain conditions is pro- 
portional to e, the number of equivalents of H+ or OH~ bound per mole 
of protein, it immediately follows that the charge Q on the protein molecule 
in such instances is given by 

Q = et 


where e is the -electronic charge. Since all quantities in equation 4 are 
known except r, it is possible to combine mobility and titration data and 
to calculate by means of equation 4 the “effective” radius, r, of the protein 
molecule (6, 32, 34). 

This calculation has been made for three proteins, — egg albumin, serum 
albumin, and pseudoglobulin. Results are shown in table 1. Notice 
that the values calculated (third column) are in fair agreement with 
those calculated from the molecular volumes (fourth column), and that 
they are all larger than those obtained from the molecular volume. 

Another way of comparing the experimental results with those pre- 
dicted by the theory is to calculate the theoretical mobility of a sphere of 
given molecular volume and compare it with the actual mobility. The 
details of the calculation are omitted, since the equations involved follow 
directly from those already given. In the fifth column of table 1 is given 


4 This equation differs from the one given by Henry (20), but follows directly from 

his method of derivation and corresponds to the function as plotted in his figure. 

It is concluded that the discrepancy between the printed equation and the one 

plotted in figure 1 was caused by a typographical error. 
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the ratio of the experimental to the theoretical mobility for the three 
proteins considered. It may be seen from the table that, while the experi- 
mental value of the mobility is less than the theoretical in all three caseB, 
the agreement is good considering the type of model employed. It is now 
known that none of these proteins is spherical. However, egg alhnmin 
is probably more nearly so than the others, and the agreement, corre- 
spondingly, is best for this protein. 

Finite size of the tom in the ion atmosphere and the hydration of the protein 

In the derivation of equation 2 the ions in the ion atmosphere are im- 
plicitly assumed to be point charges. The effect of this assumption and 
of the hydration of the protein was estimated by one of us (M. H. G.). 
A short account of the investigation follows 

TABLE 1 


Radii, in mp, calculated from titration and mobility data,* at tO°C., using the Debye- 

Hilckel theory for a sphere 


PROTEIN 

MOLECULAR 

WaiOBTf 

r caiod. 

r M.V. 

<w< a > 

<W«r> 

Egg albumin 

HI 

3.26 

2.32 

0.592 

0.615 

Serum albumin 

3.91 

2.70 

0.518 

0.465 

Pseudoglobulin 

5.22 

3.66 

0.524 

0.48 



* Acetate buffers at constant ionic strength (0.02 M for egg albumin and 0.1 U for 
the other two proteins) were employed. 17 in equation 4 was corrected for buffer 
(1.065 170 for 0.1 M buffer and 1.011 170 for 0.02 M buffer). 

t Molecular weights are taken from Svedberg (44). 

The {"-potential, as defined by equation 2 , is the potential at the point 
of closest approach of the ions in the double layer. This point is not 
on the surface of the protein molecule, but on the surface of an im a gin a r y 
sphere of radius (r p + r<), where r v is the radius of the protein and r< is 
an “average” radius of the ions in the double layer. In general, r, should 
be expected to be somewhat larger than r M . 7., the radius of the protein 
calculated from the molecular volume due to hydration of the protein. 
In the development that follows it will be assumed that the protein 
molecule in solution is surrounded by a monolayer of firmly attached 
water molecules, through which the ions in the ion atmosphere do not 
penetrate, and the outside of which forms the surface of slippage between 
the molecule and the solution. On this basis, then, r, = r Ui 7 , + 0.16, 
where 0.15 mp is the diameter of a water molecule. It is obvious, there- 
fore, that the potential, as defined by equation 2 , is not the potential 
required by equation 3 , since it is not the potential at the point of slippage. 
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It is easily shown from the equations of Debye and Hflckel that 


t Q (1 + KTj) 

Dt p [k{t p + T{) + 1] 


(20 


Equation 2' differs most significantly from equation 2 in the numerator 
term, (1 + «•<), which is independent of the size of the protein and is of 
greatest importance at high ionic strength. 

It is of interest to compare the results given by equation 2' with those 
given by the empirical equation used by Abramson (7) and Moyer and 
Abels (32) for the determination of an equivalent radius by combining 
mobility data at two values of the ionic strength. Knowledge of the 
molecular weight is not necessary for this method. It can easily be shown 
that equation 2' gives for vi/vt, the ratio of the mobilities at the ionic 
strengths corresponding to «c equals m and **, respectively, 


vi/vt = b 


(«t»r + Kin + 1) / l + r,<A 
(Kir + Kir t + 1) \1 + r ( Kt) 


( 2 ") 


TABLE 2 

Comparison of the theoretical and empirical equations 


RADIUS, IS mil, CALCULATED FROM 


PBOTXIN 

Equation 2" 

Empirical equation 



T\ — 0.8 



ffijt 


mil 

Egg albumin 

1.6 

2.0 

2.2 

Serum albumin 

2.7 

3.4 

3.4 

R-phycoerythrin 

3.6 

6.4 

5.2 


where r is the radius of the protein and r<, as before, is the “average” 
radius of ions in the ion atmosphere. If vi/vt is known, r can easily be 
calculated by means of equation 2". In table 2 equation 2 f is compared 
with the empirical equation of Abramson (7) and Moyer and Abels (32) 



where a is an empirical factor, the best value of which is 2 (34). Data 
were taken from Moyer and Abramson (34, table 1 on page 400). It 
may be seen from table 2 that for r< = 0.3, the values given by equa- 
tion V and those given by that of Moyer and Abels correspond very 
closely. The value, 3A., for an average radius of the ions in solutions of 
ordinary electrolytes is a reasonable one. Therefore it may be concluded 
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that the empirical equation of Moyer and Abels may be represented by 
the theoretical one (equation 2*). 

Equation 2' does not improve the agreement between the experimental 
and theoretical mobility, v $ /v t . This fact is demonstrated in the last 
column of table 1, which is headed (v 9 /v t )(y )} and is calculated by means 
of equation 2'. For these calculations u was taken as 0.2 m n, since they 
had been completed before it was realized that 0.3 mu was a better value 
(see table 2). 



Fig. 11. Calculated mobility of a cylinder having the volume of a serum albumin 
molecule divided by the calculated mobility of a sphere of the same charge and vol- 
ume (of the molecule) as a function of the elongation of the cylinder (length divided 
by the radiuB) for three values of the ionic strength 0* ■■ 0.001, 0.02, and 0.10). 

Calculation of the mobilities of long cylinders 

Preliminary estimations of the electrokinetic potential of an aspherical 
protein molecule were made by using a highly simplified model. Since 
incomplete data are available for comparison with the theory, this work 
is offered as the first part of an investigation by one of us (M. H. G.) 
which may yield independent information about the shapes of protein 
molecules. Enough progress has been made to indicate that the dis- 
crepancy between theory and experiment in the electric mobilities of pro- 
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tein may be at least partially cleared up by taking their asymmetry into 
account. 

For long cylinders, neglecting the ends, the ^-potential as a function 
of the radius and ionic strength is 


f 


2QKM 2 Q^/a + r^ 
DImK^ko) ' r Dl \ a ) 


( 6 ) 


where Q is the net charge, D is the dielectric constant of the medium, l is 
the length of the cylinder, and a is its radius. The functions Ko and K\ 
are special solutions of the modified Bessel’s equation,' of zero and first 
order, respectively, 


dfy , 1 

dr* r dr 



( 6 ) 


The Debye-Hiickel approximations enumerated in the preceding section 
were used in this development. In applying equation 5, the quantity 
a M y. + 0.15 was used to take into account the hydration of the protein. 

For a cylinder migrating parallel to the field, when «ca is very large, 
the mobility is given by 

v - $D/4m) (7) 


according to Henry (20). Henry, however, did not publish the complete 
analysis for the mobility as a function of «ca. A graphical integration of 
Henry’s equations yielded the following for a as a function of *a: 


v — fD/ Fieri 

where F is given in the table below: 



F 

kh 

F 

0.00 

8.00 

1.40 

6.87 

0.40 

7.73 

2.00 

6.51 

1.00 

7.36 

2.40 

6 34 



3 00 

6.10 


The mobility therefore becomes 

p= 2QKo(na) 
Fri)U laKiina) 


(9) 


Equation 9 Was applied to a molecule having the volume of serum 
albumin. In figure 11 the calculated mobilities, at three values of the 
ionic strength, of cylinders with various degrees of elongation are com- 


' The notation is that used by Whitaker and Watson in Modem Analyrit, p. 373. 
Cambridge University Press, London (1927). 
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pared with those calculated for a sphere of the same volume. It may 
be seen from the figure that the lower the ionic strength the smaller is 
the difference between the mobility of a sphere and that of a cylinder. 
However, there is almost no difference between the curves for p * 0.1 
and 0.02. This fact would seem to explain the success of formulation 
for a sphere, equation 2", in estimating vi/vt for molecules that are defi- 
nitely not spherical. In addition, it is of interest to note that there is a 
comparatively small difference between the mobility of spheres and that 
of highly elongated cylinders having the same net charge and molecular 
volume. 

We may use the available data of Moyer and Abramson (34) for serum 
albumin at m — 0.1 to illustrate the use of the theory. The results for 
this protein require that the mobility be about 61.5 per cent (last column, 
table 1) of that of a sphere of the same molecular volume. This corre- 
sponds, as may be seen in figure 11, to a value of l/r = 14, or a ratio of 


TABLE 3 

Asymmetry from electrokinetic data for cylindrical model 


PROTEIN 

LENGTH/BBBADTH 

Electrokinetic data 

Perrin's equation and 
Svedberg’s data 

Egg albumin 

4.4 

2.6 

Serum albumin 

6.3 

6.7 

“Globulin” 

7.3 

7.6 


length to breadth of about 7 for this molecule. When corrected for hydra- 
tion, the ratio of length to breadth comes out to be 6.2 to 1. Svedberg (45) 
gives 1.29 for the dissymmetry constant of serum albumin. This, when 
substituted into Perrin’s equation (see Neurath (36)), gives 5.7 for the 
ratio of length to breadth. The agreement is surprisingly good, con- 
sidering the simplicity of the model employed. Equation 9 was also 
applied to the results for pseudoglobulin and egg albumin. The results, 
together with those for serum albumin, are shown in table 3. Agreement 
again is excellent. 
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I. INTRODUCTION 

Up to sixteen years ago properties of electrolytic solutions were studied 
by means of conductance data obtained under low potentials and audio 

1 The symbols used in this article are defined as follows: 

Xx_o ordinary specific conductance at exceedingly low fields, 

X ** specific conductance at any field, 

Aj£«o ■ Aj * ordinary equivalent conductance at exceedingly low fields at a con- 
centration c, 

A - equivalent conductance at any field, 

A* «■ equivalent conductance for an infinitely dilute solution at exceedingly low 
fields, 

Ajt. m « limiting equivalent conductance extrapolated for infinite field, 

E ■= electrical field in e.s.u., 

E' «= electrical field in volts per centimeter, 

X *■ ^-component of the field in e.s.u., 

V = average potential of the oscillating discharge, 

Vr — discharge potential of the spark gap, 

Rjt-o « resistance in ohms at exceedingly low fields, 

R *» resistance in ohms at any field, 

C » capacity, 

L ** inductance, 

D — dielectric constant, 

K « dissociation equilibrium constant of the ion pairs, 
c' *» molar concentration, moles of solute per liter of solution, 
c ■> equivalent concentration, equivalent weight of solute per liter of solution, 
m « molal concentration, moles of solute per 1000 g. of solvent, 
z% — valence of the i ion, 

0 — time of relaxation of the ion atmosphere, 

6 « decrement (angle), 
v « angle, 

k ■* characteristic quantity in the Debye-Htickel theory, 

^ «=• electrical potential around an ion, 
p» ■» l/a»» — frictional resistance of the i ion, 
v ■* frequency, 
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frequencies. It was never suspected that electrolytes would exhibit in- 
teresting and informative properties under other conditions, and it was 
not until 1927 that Max Wien discovered that the conductivity of an 
electrolytic solution increases with increasing field strength when very 
high electrical fields are applied; in other words, that under such extreme 
conditions Ohm’s law is no longer valid. 8 

This capital discovery, which is of primary importance for the further 
development of the theory of electrolytic solutions, was the final result of 
an investigation originally undertaken for the purpose of determining the 
validity of Stokes’ law at high ion velocities. Lenard (16) showed on 
theoretical grounds that the mobility of an ion should decrease slightly at 
high speeds. The corresponding decrease of conductivity to be expected 
for the hydrogen ion, according to theory, was of the order of 0.5 per 
cent in a field of 1 megavolt per centimeter (10 6 volts per centimeter). 
The velocity of the hydrogen ion in this field is about 30 meters per 
second, as compared to about 12 cm. per hour in a field of 1 volt per centi- 
meter. The experimental proof of this prediction presented many diffi- 
culties, mainly owing to electrolysis and to the tremendous amount of heat 
developed in the solution during the time that the resistance is measured. 
The single-spark method of Wien made such measurements possible; with 
it Wien showed in 1924 that the conductivity of aqueous solutions of 
sodium chloride, potassium hydrogen sulfate, and sulfuric acid is inde- 
pendent of field strength within an experimental accuracy of 1 per cent 
for fields up to 0.5 megavolt per centimeter. This result thus furnished 
qualitative proof of Lenard’s prediction. Later Wien and Malsch, in 
extending Wien's work to a larger variety of salts and solvents, obtained 
results that indicated that the temperature coefficient of conductance was 
somehow influenced by the length of the time interval during which the 
field was applied (19). 

These peculiar results led to a more detailed and accurate study of the 
phenomenon in question. First, Wien and Malsch developed the baretter 
method as a new tool which enabled them to measure resistance changes 
with an accuracy of 1 or 2 parts in 10,000 with fields up to 0.5 megavolt 
per centimeter (see part II A). Using this method, Wien showed in 1927 
that with high fields the (inductance of an electrolytic solution always in - 
creases y and that this effect is not, as was previously supposed, due to an 

r — impulse duration, 

w » frequency in 2 t sec., 

tjo "* viscosity of the solvent, 

a • degree of dissociation (a parameter in Wilson’s theory). 

* University of Jena. Anthony Fellow in Chemistry at Brown University, ‘ 
1037-38. 

* This fact has been known for solid bodies for some time (26). 
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anomalous temperature coefficient of conductance, but is a general property 
of electrolytic solutions, dependent upon the concentration and valency 
of the ions and the specific character of solute and solvent. He was 
further able to show that for extremely high fields the conductance tends 
toward a constant limiting value which corresponds nearly, but perhaps 
not exactly, to that of the equivalent conductivity at infinite dilution as 
ordinarily measured at low fields. This phenomenon is now knotjm as the 
first or normal Wien effect (see part II B). 

In these earlier investigations only strong electrolytes were studied. 
When the work was extended to weak electrolytes, another phenomenon 
appeared, in that the observed effect was many times larger than that for 
strong electrolytes. A similar effect had already been observed by Gye- 
mant in 1928 in solvents of very low dielectric constant (D ~ 3). Wien 
suggested that the large increase in conductance in the case of weak 
electrolytes is due to an increase in the degree of dissociation. This new 
effect is referred to as the dissociation field effect or, sometimes, as the 
second Wien effect (see part II C). 

Both of these effects were discovered without the aid of theory. Subse- 
quently, the observed results have been accounted for fairly satisfactorily 
on the basis of the theory of ion interaction (see part III). 

Following the first experimental work in 1922, Wien and his coworkers 
devoted themselves to studying all characteristics of the field effect. As 
their work progressed, it became more and more apparent that this phe- 
nomenon would be helpful in leading to a better understanding of electro- 
lytic solutions. Since publications relating to the Wien effect have 
emanated from many different laboratories and have, in the main, been 
reported in physical journals, which are not readily accessible to chemists, 
and since no review of these publications has hitherto been attempted, it 
seemed worth while to undertake a complete review of the literature and 
to summarize the results in this new field. It is hoped that the present 
review will prove helpful to chemists in arriving at an understanding of 
the underlying problems, many of which give 'promise of important appli- 
cations and extensions. In writing this review we have carefully con- 
sidered all reported studies relating to the Wien effect and have attempted 
to make the bibliography as complete as possible. 

II. EXPERIMENTAL RESULTS 

A. Experimental technique 

The particular experimental method that may best be employed in 
studying the conductance of electrolytic solutions with high fields is deter- 
mined by the properties of the solution, such as the specific conductance, 
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the temperature coefficient of conductance, the density, the heat capacity, 
and the field strength used. The main difficulty in carrying out these 
measurements is to avoid excessive heating of the solution (and attendant 
change in resistance) during the time required for the resistance measure- 
ment. Ordinary methods of resistance measurement may sometimes be 
used for poorly conducting systems and at moderate fields, but generally, 
for good conductors and at high fields, reliable results are obtained only 
by means of impulse methods , where the high potential acts for a very short 
period of time. Even then, the influence of the heat effect upon the re- 
sistance measurement cannot be completely eliminated. For example, 
there is still a rise in temperature of 0.24°C. when a field of 100,000 volts 
per centimeter is applied for only 10~ 6 sec. to a solution with a specific 
conductance of 10~ 4 mhos (and density and heat capacity of unity). If 
the temperature coefficient of conductance is 2 per cent per degree, the 
corresponding resistance change is 0.5 per cent. This example may serve 
to illustrate the difficulties that had to be overcome in measuring the 
deviations from Ohm's law. 

Resistance measurements during very short time intervals may be 
carried out in two different ways. First, instantaneous values of the. 
resistance may be recorded by means of a cathode ray oscillograph (Ro- 
gowski), and second, the average resistance change may be measured with 
ordinary integrating instruments (Wien). Whereas the former method 
is more direct, it cannot compare in accuracy with the second, more 
tedious, integrating method. 

Another difficulty that appears in carrying out these measurements is 
due to the fact that it is impossible to obtain (with the usual methods) a 
constant potential for short time intervals (in the order of one-millionth 
of a second). This, obviously, has to be considered only for the inte- 
grating impulse method, where the exact voltage-time function must be 
known in order that the average resistance may be correlated with an 
average potential. 

In his single-spark method Wien (32) used damped oscillations obtained 
by discharging a condenser through a resistance and an inductance. 
Under these conditions the voltage-time function may easily be calcu- 
lated, provided the electrical constants of the circuit are known. 

Figure 1 shows the diagram of the apparatus used by Wien in his original 
experiments. ' By opening Sw 8 in the primary circuit of the induction 
coil I, the condensers C are charged to a potential which causes a break- 
down across the spark gap S. This starts an oscillating discharge in 
the circuit S-C-L-Ri (or S-C-L-R 2 ). The inductively coupled ther- 
mocouple Th, together with the galvanometer G, measures the time 1 
integral of a current which is proportional to the current oscillating in the 
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tpa-in circuit. Most of the energy stored in the condensers C is dissipated 
in the resistance, and therefore the current integral is proportional to the 
total amount of stored energy, 

U 0 = 7*0/2 

and inversely proportional to the resistance. Two resistances Ri and 
Ri can thus be compared in two consecutive measurements, when the 
rest of the circuit remains unchanged. If Ri and R» are pure ohmic 
resistances, then equal galvanometer deflections indicate equality of 
Ri and R*. 4 For measurements with electrolytic solutions Ri represents 
the conductance cell, containing the solution, and Ri a comparison re- 
sistor, whose value is independent of field strength. 

With the single-spark method Wien was able to measure conductivities 
of electrolytic solutions in fields up to 500,000 volts per centimeter with 



Fig. 1. The single-spark arrangement 

an error of about 1 per cent. The accuracy of the method is mainly 
limited by the relatively poor reproducibility of the spark potential. 
(Even when radioactive substances are used to ionize the air in the spark 
gap, it is not possible to eliminate retarded sparks completely.) The field 
strength of 500 kilovolts per centimeter represents an upper limit deter- 
mined by the electrical strength of the solution. Moreover, it could only 
be obtained with special cells (20, 32), for which the calculation of the 
field strength is very uncertain. In the later quantitative work with 
ordinary cells, the maximum field strength seldom exceeded 250 kilovolts 
per centimeter. 

In order to enhance precision, a way had to be found that permitted 

4 The same method can be used for measuring complex resistances (see Malsch: 
Ann. Physik 84 , 841 (1927)). In conductance measurements errors may be intro- 
duced by neglecting the inherent capacity of the electrolytio resistance. Its influ- 
ence increases with increasing frequency, increasing dielectric constant of the solu- 
tion, decreasing cell constant, and decreasing conductivity. See the discussions 
of Malsch (17), Malsch and Hartley (18), and Michels (21). 
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comparison of two resistors simultaneously instead of in two consecutive 
measurements. Malsch and Wien (20) found the solution of this problem 
in the baretter method. The fundamental circuit is the same as in the 
single-spark method, figure 1, but the unknown and the comparison resistor 
are now connected in parallel. The partial currents through these resistors 
are compared in a baretter bridge, which reduces the determination of 
high-frequency currents to a resistance measurement with direct current: 
the high-frequency current heats a thin wire, thus changing its resistance. 

Figure 2 shows a typical baretter arrangement. The main circuit is 
formed by the spark gap S, inductor L, condenser C, and two parallel 
arms containing R* and R*. Each one of these arms is coupled to a 
baretter B through the resistive coupling unit RkCk-' The resistance 
change of the baretters is measured in the Wheatstone d.c. bridge 
B-B-Rh, which is separated from the main high-frequency circuit by 
choke coils Ch.* 



If the resistors in the two arms are equal when the condenser C is dis- 
charged, equal currents flow through the two baretters, thus yielding equal 
changes of resistance, and the d.c. bridge therefore remains balanced. 
This method is, consequently, a “null” method. 

As baretters, Malsch and Wien used ordinary incandescent lamps, 7 
which were selected for having equal resistance as well as equal tempera- 
ture coefficients. By means of Rh the direct current in the bridge is 
adjusted to a point where the resistance changes linearly with increasing 

* Inductive or capacitive coupling may also be used, but the resistive coupling 
shown in the diagram has the advantage that one can change the sensitivity over a 
wide range without largely affecting the electrical constants of the circuit (1). 

* Schiele (31) eliminated these chokes by constructing baretters which in them- 
selves constitute small Wheatstone bridges. 

T If Wollaston wires of only a few microns in diameter are used in the baretters,' 
the sensitivity can be increased nearly a hundredfold (31). 
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current, thus allowing linear interpolations between the galvanometer 
readings. An alternating switch Sw is used to balance out any remaining 
irregularities. 

Types and arrangements of the resistances in both arms are determined 
by the special problem involved. The combination shown in figure 2 
permits the comparison of two electrolytic resistors. The small high- 
frequency resistors ri and r* (33) serve to balance the partial currents. If 
the inherent cell capacity cannot be neglected (see footnote 4), n and ri 
have to be connected parallel to Ki and R* rather than in series, because 
otherwise laige errors may be introduced (18). 

The advantage of this baretter method is that the measurements are 
independent of irregularities of the spark, so that the much higher sensi- 
tivity may be fully utilized. An accuracy of 1 to 2 parts in 10,000 as 



Fio. 3. V/V, is the ratio of the instantaneous voltage drop across the resistor to 
the spark potential. 6 — tR \/ C/L. In a , S - 1.0; in b, 0 — 2.14; in c, * — 6.28. 

obtained by Schiele (28) probably does not represent the upper limit. Fur- 
thermore, this method constitutes a general precision method for measure- 
ments with high frequencies and high potentials. It is not confined to 
resistance measurements alone, but may be used to measure inductances 
and capacities as well. 

For both the single-spark and the baretter method, the form of the 
voltage-time function is of great importance, because it influences the 
measured resistance average. The curve should have a flat top, which 
means that the potential is near its maximum value during a large fraction 
of the time interval during which the discharge occurs; in other words, 
most of the energy should be dissipated when the voltage is high. Ob- 
viously, this condition has to be fulfilled with any integrating method, 
and by proper choice of the electrical constants in the oscillating circuit 
it may be fulfilled. In figure 3, at the top, are shown three typical 
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voltage-time functions, in which the influence of L, C, and R on their 
shape is expressed in terms of the logarithmic decrement 

9 = nRy/Cjh 

The lower curves represent the corresponding current integrals or energy- 
time functions: 

U(t) = It f i\t) d t 

which, for t = «o , are equal to C/o = V\Cj 2. In the case of curve a, only a 
small amount of the total energy is being dissipated while the voltage drop 
across the resistor is greater than 0.8 times the maximum voltage V m 
(indicated in the figure by vertical arrows). From curve b, however, it is 
seen not only that V m increases with increasing decrement, but also that 
a greater portion of the energy is consumed during the time interval that 
the voltage is within the desired interval. For still larger decrements V m 
increases further, but the amount of energy dissipated in the desired 
voltage interval now decreases (curve c). For optimum operating condi- 
tions it is thus desirable to work with a decrement approximately 
equal to x. 

The impulse duration r is defined as the time of one half-period of the 
undamped oscillation of the main circuit. 8 For this case, 0 = R = 0, and 

r = ir\/LC 

It is seen from figure 3 that for decrements of the order ir most of the 
energy actually is dissipated in such a time interval. With given values 
for decrement, impulse duration, and total resistance, 9 the electrical con- 
stants that yield the desired voltage-time function are, 

L — tR/6 and C «= tO/w 2 R 

The experimentally determined values for the relative conductance 
change, AA/Xm, at different field strengths represent the actual con- 
ductance changes due to deviations from Ohm's law superimposed on con- 

1 The impulse deviation so defined is only an approximation, since the frequency 
of a freely oscillating, damped circuit is slightly lower than without damping. The 
approximation is sufficient for experimental purposes, where only the order of mag- 
nitude is of interest. However, it should be considered by comparing experimental 
data with theoretical results. In this comparison a Fourier analysis of the impulse 
will indicate whether a correlation of the experimental result with the fundamental 
frequency, <a — x/r, is justified or whether the influence of harmonics, no>, has to be 
taken into account. 

9 In the case of the baretter method the parallel resistance of the two arms has 
to be considered. 
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ductance changes due to the heating of the solution during the measure- 
ment. In order to separate these two effects, the heat effect must be 
calculated (20) from the energy, Ui, dissipated in the electrolytic resistor. 
Because of energy losses in the spark itself, Ui is smaller than the total 
amount of energy stored in the condenser, U 0 , m but a corresponding 
correction, p = Ud/lk, can easily be determined calorimetrically. Then, 
the relative change in conductance due to Joule’s heat is simply given by 

AX/X = ep P V' y C/im'c*A 

where tn' is the mass of the solution between the electrodes of the cell, 
c* the heat capacity of the solution, and A the mechanical equivalent of 
heat. The temperature coefficient 0 is assumed to be independent of 
field strength, e represents the fraction of energy dissipated in the electro- 
lytic resistor; it is equal to 1/2 in the case of the baretter method, where 
the energy Ud is dissipated in two equal resistors. 

The heat effect may be decreased by decreasing the impulse duration 
and the eneigy dissipated in the electrolytic resistor. The latter may be 
accomplished by inserting a resistor R p (figure 2) in parallel with the 
resistors to be measured (21). Both methods are limited because the 
deviations from Ohm’s law depend, in some degree, upon impulse dura- 
tion, and because the introduction of R p tends to decrease the sensitivity 
and influence the decrement of the oscillating circuit. The influence of 
the heat effect may be eliminated by comparing resistors that have the 
same temperature coefficient of conductance. 

The actual deviations from Ohm’s law, as obtained from experiments 
at high fields after correcting for the heat effect, may be referred to corre- 
sponding values of the spark potential V r . Thus, intercomparisons are 
possible for measurements that have been carried out with the same 
decrement and impulse duration. In order to determine the average field 
strength, which corresponds to a certain measured average conductance, 
the average potential drop across the resistor must be calculated. This 
average potential follows from the solution of the fundamental differential 
equation for a freely oscillating damped circuit, in which the resistance is 
now a function (assumed known) of the potential. Malsch and Wien (20) 
considered a linear dependency of conductance and field strength a suffi- 
ciently close approximation. They obtained for the average potential in 
the case of an oscillating discharge (0 < 2r) 

? « [46(1 + 0/{3(l + 26 a )(l - e-)\]pV, 

where & = d/ir and a — 3*6(4 — b 2 )~ m . Dividing V by the distance 
between the electrodes in the conductance cell finally yields the average 

*• The loaeea in the condenser and in the inductance coil are negligible. 
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field strength. In this computation Malsch and Wien neglect the influ- 
ence of the stray field around the electrodes. They estimate that uncer- 
tainties due to this and the preceding assumption as to the relation be- 
tween resistance and potential are of the order of several per cent (33). 

B. The first Wien effect 

There are two types of experiments that show clearly that the con- 
ductance of an electrolytic solution increases with increasing field strength. 

The first experiment was carried out by Wien (33, 34) with the baretter 
method and is based on the following principle: The conductance change 
due to heat is always the same for any form of the voltage-time function, 
provided the dissipated energy remains unaltered. If, therefore, a change 
in the form of the voltage-time curve, with otherwise constant parameters 



Fiq. 4. Acetone solutions of cadmium iodide (curves 1 and 2) and of cobalt chlo- 
ride (curves 3 and 4), where Xj_o — 0.002. In all four oases C — 3029 cm. In curves 
1 and 3 L *• 246,000 cm., and in curves 2 and 4 L ** 30,000 cm. 

(spark potential and total capacity in the circuit), yields a change of the 
measured resistance, then this change can only be due to another, super- 
imposed effect which likewise is a function of the field strength. 11 Thus, 
for a positive field effect, the measured resistance change decreases with 
decreasing decrement (for 0 < 0 < tt; see also figure 3). This actually was 
observed by Wien (33, 34). Figure 4 shows similar results obtained by 
Bauer (1) for acetone solutions of cadmium iodide (curves 1 and 2) and 
cobalt chloride (curves 3 and 4) for two values of the decrement. When 
this decrement was decreased to 0.34 times the initial value (curves 2 
and 4), the effect decreased very markedly (curves 1 and 3). In accord- 

u The impulse method is applicable only when relatively long impulses are used, 
under whieh condition the impulse duration does not influence the magnitude of 
the field effect, i.e., for r > 10~* sec. 
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anoe with the negative temperature coefficient of conductance of tine 
cadmium iodide solution, the effect even changed its sign. 

The experiment by the second method was carried out by Fucks (0) 
in Rogowski’s laboratory, using an instantaneous impulse method. He 
photographically recorded the voltage drop across an electrolytic resistor 
with a high-speed cathode ray oscillograph. Figure 5a shows a diagram 
of the apparatus used. A condenser is discharged into a long line whioh 
terminates at the opposite end in the conductance cell Hi in series with 
the constant resistor Rj. The parallel capacity C balances the effects of 
the inherent cell capacity and the capacity of the deflection plates in the 
oscillograph. For a measurement two consecutive exposures with the 
same potential are made. In the first, the oscillograph is connected 
across BC, which gives the true voltage-time funotion, whereas in the 
second, the oscillograph across AB records the voltage drop across the 
variable resistor. When the two traces are superimposed, the ratio of the 



Fig. 5. a, Fucks’ oscillograph arrangement; b and c, drawings of typical traces 

obtained by Fucks 

ordinates measures directly the total resistance change of the solution. 
Figure 5b shows a result obtained with an aqueous sodium chloride solu- 
tion, where the field effect is very small compared with the heat effect. 
The asymmetry of the trace Va», compared with the trace F*c (indi- 
cated by horizontal arrows), shows clearly the heating of the solution 
during the time interval of 10~* sec. 11 The maximum field strength, E' m , 
was 185 kilovolts per centimeter. A similar result for an aqueous solution 
of barium ferrocyanide, with E' m — 180 kilovolts per centimeter, is shown 
in figure 5c. Here the deviation from the true voltage-time function, 
and therefore the total resistance change, is much larger, although the 
heat effect is nearly the same as in the case of the sodium chloride solution 

M If B* showed only a field effeot, the eurve Va b would be symmetrical with 
curve Fee. The observed asymmetry is due to the heat effect, which is an integral 
funotion of time. 
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in figure 5b. This difference can be due only to an actual deviation from 
Ohm’s law. Fucks’ results are in excellent agreement with Wien’s meas- 
urements. This agreement indicates that the method employed by 
Malsch and Wien to calculate the average potential of an oscillating dis- 
charge is correct. 1 * 

Already the early experiments indicated that the magnitude of the Wien 
effect increases with increasing valency of the ions. Wien (33) investigated 
a large number of salts of the valence types 1:1, 1:2, 1:3, 1:4, 2:1, 3:1, 
2:2, 2:3, and 3:2 and found as an empirical rule that for the same aver- 
age field strength and the same conductance at low fields, Xm, the change 
in conductivity may be expressed by the equation 

AA/A*_o = constant (zi«a) ! (1) 

This expression is only an approximation, and deviations as high as 20 
per cent may occur for individual salts, especially those of the higher 



Fio. 6. Curve 1, lithium ferricyanide; curve 2, magnesium sulfate; curve 3, barium 
ferricyanide; curve 4, barium ferrocyanide. All for Xs_o — 4.5 X 10~*. • and O 

refer to results obtained with two different cells. 

valence types. It is, however, very helpful in correcting relative measure- 
ments (as obtained with arrangements shown in figure 2) for the Wien 
effect of the comparison solution. Figure 6 illustrates the influence of 
valency on the observed conductance change for different salt types. 

The dependence of the conductance change on the field strength is 
somewhat complicated. In figure 7 are shown idealized curves for three 
different valence types. Initially, at low fields, the curves are convex 

M Hater (12) later modified the method of Fucks in such a way that he was able 
to obtain photographic plots of instantaneous voltage versus current. He states 
that the oscillograph method is limited to an accuracy of about 1 per cent, mainly 
because it is very difficult to obtain a better concentration of the eleotronio beam. 
For more qualitative work, this method gives results much more rapidly than the 
integrating methods. 
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towards the axis of potential; they then pass through an inflection point 
where they, approximate linearity and thereafter approach a constant 
limiting value. In the figure the different portions of the curves are indi- 
cated by continuous or broken lines. The limiting characteristic is to be 
seen also in figure 6, especially in the case of curve 1. How much of the 



Fig. 7. Curve 1 represents a 2:4 salt type, curve 2 a 2:3 salt, and curve 3 a 1:3 salt 




Fig. 8. Curve 1 represents a very dilute solution, curve 2 a dilute solution, and 
curve 3 a moderately concentrated solution 
Fig. 9. O, barium ferricyanide; •, lithium ferricyanide 

linear and limiting parts of the curves may be obtained experimentally 
depends upon concentration. In figure 8 the absolute values of conduct- 
ance are plotted against field strength for three concentrations. For 
solutions of high concentration, curve 3, the curve is nearly linear through- 
out, and it is not possible to obtain the limiting effect because of the 
breakdown of the solution. With solutions of lower concentration, curves 
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2 and 1, the curves are markedly concave toward the axis of potential; 
at lower fields the curves rise steeply and at higher fields they flatten out 
and approach a limiting value. The limit is the same at all concentra- 
tions, but this limit is reached at lower fields which are the lower, the 
lower the concentration. 

The limiting effect is the most important result of these investigations. 
Wien showed that the equivalent conductance of a solution approaches^ 

TABLE 1 

Limiting field effect and limiting concentration effect of several aqueoue eolutione 


A-. — Am 

10<e ” 10» 


K,Fe(CN), 

1 1:8 

3.1 

3.2 

3.0 



6.4 

4.3 

4.3 

Li|Fe(CN)< 

1 1:3 

3.7 

3.7 

3.6 



7.6 

5.5 

4.9 

KiFe(CN)« 

1 1:4 

2.9 


4.7 



6.4 

6.1 

6.7 

MgS0 4 

I 2:2 

4.2 

6.9 

7.5 



8.9 

9.0 

10.7 

MgCr0 4 

1 2:2 

4.2 

4.4 

5.2 



8.7 

7.4 

7.2 

Ba,lFe(CN),J, 

I 2:3 

3.3 

10.3 

10.4 



7.2 

14.2 

15.0 

BaJMCN), 

! 2:4 

3.5 

12.2 

12.9 



7.7 

19.8 

19.4 


limiting value as the field is increased indefinitely and that this limiting 
value is the same as that approached on diluting this solution indefinitely 
when the conductance is measured at low fields (33, 36, 37) (see, also, 
Schiele (30)). If A* is the equivalent conductance of an electrolyte at 
ordinary fields, and Asm and A« are, respectively, its limiting equivalent 
conductances as the field is increased indefinitely and as the concentration 
is decreased indefinitely, then — A, =» A. — A«. In table 1 are' 
given values of these differences each divided by A„. As may be seen from 
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the table, these ratios are equal within the limits of the experimental errors 
involved in the measurements and the extrapolations. While the limiting 
field conductance thus agrees with the limiting concentration conductance, 
it is by no means certain that the two limiting values are identical; while 
the limiting concentration value is in most cases a dose approximation, 
the limiting field value represents only a rough empirical extrapolation. 
In this connection attention may be called to Wilson’s theory of the Wien 
effect, according to which a small electrophoretic effect remains at high 
fields. 

In the light of these facts, it follows almost as a necessary condusion 
that the high external field tends to decrease those influences which are 
responsible for the decrease of the ordinary low field conductance with 
increasing concentration. 

The study of the convex part of the curve at low fields (figure 7) was 
especially difficult, because of the minute changes in conductance that 
had to be measured. It was therefore possible to study this portion of 
the curve only for salts of high valence type (ziz* > 3). Wien (35) used a 
relative method corresponding to that illustrated in figure 2. He corrected 
for the Wien effect in the comparison solution, which contained a 1:1 
salt, in the manner described above, equation 1. The portion of the curve 
in question has nearly a quadratic form and may be expressed for fields 
up to 25 kilovolts per centimeter with the first two terms of the following 
series 

AA/A,_o - AE'*( 1 - BE"* + ) 

where the constants A and B are determined empirically. In figure 9 
the experimental curve for barium ferricyanide is shown as a full line. w 
The dotted curves 1 and 2 are computed according to the above formula, 
using the first and the first and second terms, respectively. 

Values of A and B obtained by Wien for aqueous solutions, by Bauer 
for solutions in acetone, and by Possner for a 50 per cent solution of cane 
sugar in water as a solvent are given in table 2. 

The constants A and B are complicated functions of the temperature, 
the dielectric constant of the solvent, the valence of the ions, the concen- 
tration, the viscosity, and individual ionic properties. Generally, from 
the limited data available, it appears that A increases and B decreases 
with decreasing dielectric constant of the solvent. The values of Possner 
show that viscosity may have a slight influence on the observed results, 
although this effect is perhaps masked by the influence of the decreased 
dielectric constant. 

14 The experimental curve for lithium ferricyanide has been inserted to illustrate 
the influence of the valency of the ions upon the potential effect at low fields. 



382 


HARTLEY C. ECKSTROM AND CHRISTOPH SCHMELZER 


TABLE 2 

Experimental values for A and B 


SALT VALBNCB TTPB X 10 * A X 10“ B X 10 11 


Solvent, water. T ~ 18°C. (Wien (35)) 

LijFe(CN)* 1:3 10.0 0.51 2.1 

5.0 0.68 2.3 

2.5 0.88 2.9 

1.25 0.96 3.8 

Li 4 Fe(CN) 6 1:4 10.0 0.91 1.5 

5.0 1.57 2.1 

2.5 2.00 2.3 

MgSO« 2:2 10.0 1.11 1.7 

5.0 1.49 1.7 

2.5 1.96 2.3 

1.25 2.50 6.0 

Ba,[Fe(CN)*], 2:3 10.0 2.6 1.9 

5.0 3.9 2.1 

2.5 5.1 4.5 

1.25 5.6 7.5 

Ba*Fe(CN)« 2:4 10.0 4.2 1.9 

5.0 5.0 3.2 

2.5 10.9 3.9 

^ 

Solvent, acetone. T ~ 18°C. (Bauer (1)) 

KI 1:1 8.0 0.263 0.0527 

4.0 0.334 0.0527 

2.0 0.334 0.0438 

Cdlt* 2:1 8.0 0.387 0.0351 

4.0 0.615 0.0438 

2.0 0.720 0.0351 

Cd(NOt)** 2:1 8.0 0.211 0.0438 

4.0 0.527 0.0438 

2.0 0.720 0.0351 

Ni(NO»)»*. . : 2:1 8.0 0.176 0.0527 

4.0 0.438 0.0351 

2.0 0.527 0.0140 

Solvent, 50 per cent aqueous solution of cane sugar. D ~ 60. 18°C. (Possner (27)) 
MgSO« | 2:2 | 0.23 | 1.8 | 7.4 


* These electrolytes are probably not completely dissociated in acetone and thus 
may exhibit a small dissociation field effect superimposed on the first Wien effect. 
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While the specific properties of the solution and the temperature influ- 
ence the magnitude of the Wien effect, it is also dependent upon the length 
of the time interval during which the field is applied. In table 3 are 
given values of AA/A*„o for three salts for time intervals varying from 
6 X 10“ 7 to 5 X 10*"® sec., the average potential being the same for all 
time intervals. On examining the table it is seen that in all cases the 
value of AA/Ajuo increases initially with increasing length of the time 
interval and approaches what appears to be a constant limiting value, 
this limit lying at longer time intervals in the case of salts of higher valence , 
type. Thus for beryllium sulfate AA/A*_o has reached a constant value 
of 1.08 for a time interval of 1.4 X 10”® sec., while for calcium ferrocyanide 
a constant value of 10.5 is reached for a time interval of 1.5 X 10”® sec. 
This interesting effect has not yet been the subject of a detailed investiga- 
tion. It has been studied only sufficiently to determine the length of the 


TABLE 3 

The influence of the impulse duration , r, on the Wien effect for a constant 
average potential ( S3 ) 




(AA/A*_ 0 ) X 10* 



BeSO« 

CajFe(CN). 

BaaF«(CN)« 

seconds 




X 10-* 

0.92 



X 10- 7 

0.99 

4.8 


.4 X 10-® 

1.08 

6.8 

8.6 

.5 X 10-« 

1.04 

8.4 

10.9 

1.5 X 10~* 

1.03 

10.5 

13.1 

3.0 X 10~* 

1.15 

10.5 

12.9 

5.0 X 10-* 

1.07 

10.7 

13.1 


impulse duration necessary to render the observed field effect independent 
of the length of this impulse duration. 1 ® 

Summarizing the outstanding phenomena that characterize the Wien 
effect, we have: (1) The conductance of a strong electrolyte increases with 
increasing field strengths and approaches a limiting value which appears 
to be identical with A*. With decreasing concentration this limit is ap- 
proached at lower fields. (S) The magnitude of the field effect increases 
with increasing valency of the ions. (3) For very low fields and to a first 
approximation the conductance increase is proportional to the square of 
the field, the proportionality constant depending upon the nature of the 
solute and the solvent. (4) The conductance increase is a function of 

15 This effect led Debye and Falkenhagen (5) to the theoretical prediction of the 
dispersion phenomena in electrolytic solutions at high frequencies with ordinary 
potentials. 



384 


HARTLEY C. ECK.STROM AND CHRISTOPH SCHMELZER 


the impulse duration and for 2:4 salts approaches a constant value for 
r > 10“ 5 sec.; for salts of lower valence type constancy is reached at lower 
periods. 

C. The dissociation field effect 

During investigations incident to the development of high electrolytic 
resistances, Gyemant (11) studied solutions of picric acid in benzene 
alcohol mixtures. In the course of these investigations he found that the 
addition of phenol or mineral oils reduces the temperature coefficient of 
conductance of these solutions to zero. On measuring the resistance of 
these solutions under high potentials, he observed deviations from Ohm's 
law which were far greater than any deviations previously observed by 
Wien and his coworkers. Because of the fact that the temperature coeffi- 
cient was zero and was less than 10~ 8 mhos, he determined the resist- 
ance by simultaneously measuring voltage and current. Thus, at a field 
strength of 42 kilovolts per centimeter, he found that for a 0.7 per cent 
picric acid solution in benzene containing 5 per cent ethyl alcohol and 0.4 
per cent mineral oil, AA/A *_ 0 was equal to 0 85, and for a 0.7 per cent 
picric acid solution in benzene containing 8 per cent ethyl alcohol and 3 
per cent mineral oil, AA/A *_ 0 was equal to 0.52. Deviations of this magni- 
tude have not been observed in aqueous solutions. Furthermore, the 
conductance of these solutions was found to be a linear function of the 
field strength. 

In order to account for these enormous deviations, Gyemant considered 
it possible that the degree of dissociation might be increased by high fields 
As an experimentvm crucis he measured the conductance perpendicularly 
to the high field, reasoning that if the degiee of dissociation increases with 
field strength, the conductivity measured in this direction should increase 
proportionally to the conductance increase in the direction of the high 
field. Since the results of this experiment were negative, he concluded 
that the observed high field effect was probably not due to an increase of 
dissociation. 

Joos (13), relying upon this experiment, suggested that the mechanism 
might be the same as for the first Wien effect, i.e., a property of free ions 
only. To clarify this question, Wien (38) and Schiele (28) studied the 
deviations of strong and weak acids in aqueous solution under the influ- 
ence of high fields. 

These electrolytes were chosen because it had been observed that their 
solutions exhibit dispersion effects of the same magnitude in high-frequency 
fields. Both the Debye-Falkenhagen dispersion effect and the first Wien 
effect are due to interactions between free ions and field. If, therefore, 
the field effects in strong and weak acids are to be accounted for on the 
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basis of free ions only, then the magnitude of these effects as observed 
should be of, the same order. If, however, they were found to be of 
different order, this would indicate that different mechanisms are involved 
in the effect of fields on strong and weak acids. 

Schiele, using an improved baretter method, compared acetic acid and 
the chloroacetic acids with hydrochloric acid. The dissociation of these 
acids increases with increasing number of substituent chlorine atoms, and 
Schiele found that the differences in the conductance change between the 
acids and hydrochloric acid increase as the carboxylic acid is weaker. 

The results of Schiele’s investigations are shown in figure 10b, where 
values of differential conductance effects, AA/A a _o, are plotted against 
field strength. Trichloroacetic acid, being a strong acid, shows no ob- 
servable difference with respect to hydrochloric acid. With dichloroacetic 
acid (curve 1) a difference is just observable. Monochloroacetic acid 




Fic. 10. Curve 1, dichloroacetic acid; curve 2, chloroacetic acid; curve 3, tartaric 
acid; curve 4, propionic acid; curve 5, acetic acid; curve 6, trichloroacetic acid; 

curve 7, hydrochloric acid; , sulfuric acid. In b, X*_o — 2.0 X 10 -4 ; compared 

against hydrochloric acid. 

(curve 2) shows a large effect and acetic acid (curve 5) a very large one. 
The curve for propionic acid, which has practically the same strength as 
acetic acid, lies just below that of the latter acid (curve 4). The curve 
for tartaric acid lies well below that of acetic acid, which is in accord with 
the greater strength of tartaric acid. In figure 10a are shown the values 
of A*_o/A«, for a number of acids. Comparing with figure 10b it is apparent 
that acids having a low conductance exhibit a high field effect. 

The bases exhibit field effects closely paralleling those of the acids. 
Strong bases exhibit no difference with respect to hydrochloric acid, while 
weak bases exhibit an effect which is the greater the weaker the base. 
The effects are illustrated in figure 11. 

Solutions of normal salts in solvents of lower dielectric constant in which 
the electrolyte is incompletely dissociated exhibit the same effect as do 
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weak acids and bases in water. In figure 12 are shown curves for po- 
tassium iodide and lithium bromide in acetone. Potassium iodide is a 
much stronger electrolyte in this solvent than is lithium bromide, as ap- 
pears from figure 12a. As may be seen from figure 12b, potassium iodide 
exhibits a much smaller differential effect than does lithium bromide. 

The results just described show conclusively that the magnitude of the 
field effect increases with decreasing strength of the electrolyte, that is, 
with increasing association of the ions to ion pairs. Since the large ob- 
served increase in conductance cannot be accounted for by the first Wien 
effect, it is impossible to escape the conclusion that the enhanced effect 
found in the case of weakly dissociated electrolytes is due to an increased 
dissociation of the electrolyte under the action of the applied field. 




Fia. 11. Curve 1, •, barium hydroxide, O, sodium hydroxide; curve 2, methyl- 
amine; curve 3, aqueous ammonia; curve 4, sodium hydroxide; curve 5, barium 
hydroxide. In b, A*_o “ 2.0 X 10~ 4 ; compared against hydrochloric acid. 

Although the first and the second Wien effects cannot be accounted for 
by the same mechanism, they, nevertheless, have certain characteristics 
in common. As in the case of the first Wien effect, the change in conduc- 
tivity for constant field in the second Wien effect is a function of the 
impulse duration. Results of Michels (21) for cobalt chloride in acetone 
are shown in figure 13, from which it is seen that for this electrolyte the 
effect approaches a constant value for the impulse duration r > 
1.7 X 10 - * sec. 

For low fields, plots of AA/A*_o against E' for the dissociation field 
effect are slightly convex toward the F'-axis, in which respect they resemble 
the curves of the first Wien effect. On the other hand, no trend toward a 
limiting effect has been observed in the case of the dissociation field effect. 
Recalling the A*_o/A«, - \/c curves, it is apparent that the dissociation 
field effect yields only a relatively small increase in the number of free 
ions at 100 kilovolts per centimeter in the aqueous solutions measured. 
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Consequently, an extremely high external field would be necessary to 
dissociate these electrolytes completely; 1 * it seems very doubtful that such 
fields are actually attainable. 

In this connection it is of interest to mention the studies of Malsch and 
Hartley (18) of colloidal solutions of cetylpyridonium chloride in water, 



Fia. 12. Acetone solutions of potassium iodide (curves 1, 6, 7, and 8) and of 
lithium bromide (curves 2, 3, 4, and 5), where in curve 3 Xjr*o *■ 0.00012 and c -* 
0.00168; in curve 4 X*«o ■** 0.00006 and c — 0.00058; in curve 5X*_o ~ 0.00003 and 
c — 0.00023; in curve 6 X*» o * 0.00012 and c «■ 0.00073; in curve 7 X*«*> — 0.00006 and 
c — 0.00036; and in curve 8 \gm 0 * 0.00003 and c — 0.00017. 



Fig. 13. Acetone solution of cobalt chloride where Xj_o - 0.93 X 10"* 4 . In curve 1, 
O, r - 3.6 X 10" 6 ; #, r « 1.9 X 10“ 4 . In curve 2, r « 5.4 X 10" T . 

where very large potential effects were observed. The outstanding result 
is that the conductance for very high fields does not approach but exceeds 
the value of A* (figure 14). Malsch and Hartley give the following ex- 

16 It must be remembered that the presence of any free ions leads to an ion 
atmosphere and thus to a deviation explained by the first Wien effect. 
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planation: When sufficiently concentrated, the solution contains very large 
complexes of positive ions (micelles), with some small negative ions rela- 
tively firmly attached to these complexes, thus decreasing their mobility 
and consequently the low field conductance. High fields, however, tend 
to separate the anions from the large complexes, thus leaving very highly 
charged positive particles. According to Stokes' law the contribution to 
the conductance of a complex is larger than that of a corresponding number 



Fia. 14. Cetylpyridonium chloride in water. In a: • , low potential; curve 1, 
50 kilovolts per centimeter; curve 2, 100 kilovoltB per centimeter; curve 3, 150 kilo- 
volts per centimeter; curve 4, 200 kilovolts per centimeter; r-8X 10~ 7 sec. In b: 

is AA/Ajf .0 lor A *= A.,; X*_o * 1.29 X 10“ 4 ; curve 5, r * 16 X 10*" T sec.; curve 6, 

r ■* 8 X 10~ 7 sec. ; curve 7, t ■■ 2 X 10“ 1 sec. 

of single ions, so that the conductance may well increase to a value which 
is larger than A *. 17 


III. THEORY 

Many of the more important properties of electrolytes depend upon ion 
interaction due to Coulomb forces, which represent the extreme case of a 
“chemical force” that falls off the most slowly of all forces leading to an 
interaction. The theoretical analysis of accurate experimental data has 

17 Since the writing of this review, H. Diekmann (Ann. Physik [5)32, 378 (1938)) 
has published results of an investigation of aqueous solutions of cetylpyridonium 
chloride and of magnesium sulfate in glycerol-water mixtures at different tempera- 
tures. The same effect that is found for cetylpyridonium chloride is also present 
in systems of magnesium sulfate-glycerol-water. Diekmann therefore draws the 
conclusion that there is a certain micelle structure in the case of the magnesium 
sulfate-glycerol-water systems. However, it may be pointed out that: (1) Ordi- 
nary conductance data for magnesium sulfate-glycerol-water systems do not show 
the behavior typical of colloid electrolytes. (2) For the relatively high concentra- 
tions studied and for a 2:2 salt in a solvent of D ~ 60, relatively strong ionic associa- 
tion must be expected. (5) Diekmann does not mention that the high-field con- 
ductance exceeds A*, as it does in the case of cetylpyridonium chloride solutions 
in water. 
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led to a theory of electrolytes where long-range interactions play a rdle 
in accounting for the properties of completely dissociated electrolytes, 
while short-range interactions 18 are an important or determining factor in 
the case of incompletely dissociated electrolytes. By careful selection of 
experiments and conditions, various characteristics of these forces become 
known. Conductance studies, using external fields of low jj, jtential and 
low frequency, of high potential and of high frequency, have been very 
successful in yielding data which have been theoretically interpreted by 
using these interactions as the basis of analysis. However, that we know 
very little about the characteristics of these interactions is apparent when 
it is recalled that only data for extremely dilute solutions may be accounted 
for and that even here discrepancies appear. 

The Debye-Hiickel-Onsager theory of conductance (6, 22) is based on 
the assumption that only a stationary field of very low potential ( E ~ 0) 
is being applied when the conductance is measured. Under these condi- 
tions, approximations may be made in which terms containing higher 
powers of the field are neglected. This leads to an equation in which the 
conductance does not depend upon the field, — a result which has been 
amply verified by experiment. Obviously this theory must be modified 
if it is to account for the first Wien effect, which is observed when the 
solution is subjected to a high field. As a first attempt in this direction, 
Joos and Blumentritt (3, 4, 14) evaluated the neglected higher terms of 
the Debye-Huckel-Onsager equation. They obtained an equation of the 
form 

AA/A*_„ = AX 2 - B'X 4 + • • . 

This result guided Wien in his investigation of the low-potential region 
(37). Unfortunately, Joos and Blumentritt made assumptions as a result 
of which their theory has only a qualitative significance (39). Further- 
more, it fails to account for the limiting effect obtained with very high 
fields. 

Using another approach, Falkenhagen (7) later obtained a qualitative 
theory which applied to the whole curve. His treatment leads to the 
limiting effect and shows, in general, the influence of valence and dielectric 
constant. Basing their calculations upon this theory, Falkenhagen and 
Fleischer (8) introduced the non-stationary field, thus obtaining an equa- 
tion which shows the dependency of the Wien effect upon frequency. 

Overcoming the mathematical difficulties involved, Wilson (39) de- 
veloped a quantitative theory of the first Wien effect which is applicable 
to the whole curve; for very low fields the Wilson conductance equation 
reduces to the quadratic form obtained by Joos and Blumentritt. 

11 Short-range interactions may involve quantum as well as Coulombic forces. 
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In the case of the dissociation field effect, a different approach must be 
adopted, since there is no longer complete dissociation, but rather associa- 
tion with an equilibrium existing between ion pairs and free ions. As 
explained above, the phenomenon of the dissociation field effect was 
thought to be due to increased dissociation. Onsager (23) showed that 
while the rate of formation of ion pairs is independent of the field, the 
rate of dissociation of ion pairs is a function of the field. This analysis 
indicates that the increased dissociation due to the field is independent of 
the stoichiometric concentration. 

Even though the concepts of ion interaction had been well established 
in the theory of electrolytes, the extension of the theory to the Wien 
effect constitutes a major advance in the attack on the general problem 
of ionic solutions. 19 To review briefly the modern concepts underlying 
the theory of ionic solutions, we shall first consider the case in which the 
electrolyte is completely dissociated. The electrostatic attractions and 
repulsions between the ions do not permit a perfectly random distribution 
of the ions; on the time average, there will be more ions of unlike sign 
than of like sign in the neighborhood of the given ion. This “ion at- 
mosphere,” as it is called, has a symmetrical distribution when no external 
field acts. One of the characteristics of this atmosphere is that it has a 
finite “time of relaxation,” i.e., it does not disappear immediately when 
the central ion is removed, and vice versa , Consequently, when a sta- 
tionary field of very low potential is applied, causing the central ion to 
move, the distribution of the ion atmosphere becomes asymmetric; there 
are more ions of like sign in front and unlike sign behind the central ion 
than in the case of the symmetrical distribution. The “relaxation force” 
due to asymmetry of the ion atmosphere has a retarding effect upon the 
motion of the central ion. 

There is still another retarding effect acting upon the moving ion, com- 
monly referred to as the “electrophoretic” effect or hydrodynamical effect. 
According to hydrodynamic laws, moving ions carry solvent with them. 
This effect extends for some distance from the central ion, so that the ion 
atmosphere again influences the motion of the central ion. The hydro- 
dynamical effect manifests itself in such a way that the ion is not moving 
in a stationary solvent, but rather in one that is moving in the opposite 
direction. These two retarding effects have been incorporated in the 
Debye-Hvickel-Onsager theory of ordinary conductance and account satis- 
factorily for the decrease of conductance with increasing concentration, 
in the limiting case of low concentrations. 

19 For a detailed exposition of the theory of electrolytes we refer the reader to the 
monograph by Falkenhagen (Falkenhagen: Elektrolyte, Hirzel, Leipzig (1032); 
Electrolytes, Oxford University Press, Oxford (1934); Electrolytes, Alcan, Paris 
(1934)). 
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If we apply a very high potential to a solution, we find that the ions are 
given enormous velocities as a result of which the ion atmosphere is very 
greatly modified. However, as Wilson shows, in the limit of extremely 
high fields the ion atmosphere again becomes symmetrical but now con* 
tains ions of like sign, ions of unlike sign being constantly swept away at 
such a rate that the field of the ion in question does not influence the 
distribution of ions of opposite sign. Thus the relaxation force disappears, 
leaving only a small contribution from the electrophoretic effect. 

Secondly, we shall consider “weak” clectre'yres, or “strong” electrolytes 
in solvents of low dielectric constant. For such systems* 0 the energy due 
to short-range interactions between the ions of unlike sign is g^t enough, 
compared with the energy of thermal agitation, so that, on tie time 
average, the two ions spend more time as a pair than aB free ions. > In 
other words, the number of ions free to conduct the electric current is 
small in comparison with the number of ion pairs that have the properties 
of dipoles. Bjcrrum (2) and Fuoss and Kraus (10) have given a satis- 
factory theory of ionic association which, when combined with the Debye- 
Hiickel-Onsager theory, accounts for the conductance of dilute solutions 
at low fields. When a high field is applied, two effects come into play: 
the free ions give rise to a small, normal Wien effect, while the ion pairs 
undergo increased dissociation in accordance with Onsager’s theory of the 
influence of the field in the dissociation process. In the latter case the 
high field has shifted the equilibrium, ion pairs ^ free ions , to the right, 
thus increasing the number of ions free to carry the current. Making a 
study of this shift in equilibrium, Onsager was able to obtain an equation 
which is in quantitative agreement with the experimental values. 

A. Theory of the first Wien effect 
1. The Joos-Blumentritt theory for small fields 

Joos and Blumentritt in their first papers (3, 14) calculated the higher 
terms in the field strengths from the original Debye-Htickel theory (0) 
and obtained 

AA/Ajr-o - AX 2 - B'X « + • • • 

where A, B', ••• are known constants. In the later paper by Blumentritt 
(4) these calculations were repeated, using the modified theory of Onsager 
(22). The values of these constants are in fair agreement with the experi- 
mental values. However, perfect agreement is not possible because Joos 
and Blumentritt used symmetry conditions which are valid only for zero 
field. Since it is possible to reduce Wilson's theory to the above form for 

10 We are now considering those systems on the other extreme where a < < 1. 
There is an intermediate type where a is less than unity, yet is large enough so that 
the number of free ions is comparable with the number of ions in ion pairs. 
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low fields, it is not necessary to consider the Joos-Blumentritt theory in 
detail. 


2. The Falkenhagcn theory for the complete curve 

Under high fields an ion has such a high velocity that it travels through 
many thicknesses of the ion atmosphere, 1/a, during a time interval, 20, 
which is the time necessary for the ion atmosphere to reach a random 
distribution after the removal of the central ion. Thus, in the case of 
high fields, the normal ion atmosphere is not formed. It is of interest to 
calculate the number of ion atmosphere diameters that an ion travels in a 
high field. This has been done by Falkenhagen (7). 

If an i ion with a charge z>e = e» moves with a velocity v> against a 
frictional resistance p* under a field E, we have 

Vi — ZieE/pi = 0.1033 X 10~ 4 E'U/zi cm. per second 

where E' is the field in volts per centimeter and U is the mobility of the ion. 
If we now multiply v% by 20, we have the distance the ion travels in 20 
sec. Furthermore, by dividing this distance by ] /*, we obtain the distance 
travelled in terms of the diameter of the ion atmosphere, namely, 

ks, = 0.207 X 10 -*E'l&K/zi 

If we now consider a 10 ~ 4 molar aqueous solution of potassium chloride, 
we have, for 18°C., 

h = 1% = 65 ohms' 1 cm. 2 

0 = (0.553/c') X 10- 10 sec. 

1 /k = (3.06/Vc') X 10- 8 cm. 
and for E f = 100 kilovolts per centimeter we obtain 

KSi = 24.4 

According to tliis example, then, the time during which a given ion is 
under the influence of an oppositely charged ion is only one twenty-fifth 
of the relaxation time, or, in other words, the time during which a given 
ion is in the neighborhood of other oppositely charged ions is so short that 
the distribution of the latter remains uninfluenced because of the relaxa- 
tion effect. * The above computation is, of course, only a rough approxima- 
tion, since it involves assumptions including one such that the relaxation 
force is proportional to the field, an assumption which does not lead to a 
limiting effect. 

Let us now consider the dependency of the relaxation force upon the 
external field. We will simplify the problem by neglecting the Orusager 
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corrections for the influence of the Brownian movement, as well as the 
electrophoretic effect and its influence upon the relaxation force, and we 
will further assume that the ions of the electrolyte have equal char ge and 
have the same mobility. Thus the application of this theory is limi ted 
as well as approximate. 

The equation of continuity yields 

^ = div v<n< = div grad ra — (2) 

where n,- is the time average of the number of i ions per cubic centimeter, 
and K is the force acting upon the ions. Let us now change our variables 
so that the origin of the coordinate system is at the center of the i ion 
and moves with it, with a velocity v parallel to the X-axis, so that x = X — 
vt, y = Y, z — Z, t = t\ 

dn< Srij dtij 

df V dx dt' 

For the stationary case where drii/dt' = 0, and substituting for K its 
value c<E — e< grad equation 2 becomes 

-vp = div{— grad rw + n, - e - grad \j\ (3) 

dx { pi pi ) 

The potential ^ is satisfied by the Poisson equation, 

A^ = — ^ 

A further simplification of equation 3 may be effected by introducing for 
n,- the value n,- + r,-, where n< is the concentration for random distribution 
and vt the perturbation caused by the acting forces. Thus 

* ^ kT dx kT * w 

where 

A^ = - ^ ]£ e < v < 

For the simple case of an electrolyte having ions of equal charge and 
equal mobility, we have 

e\ — —cj — e, — »i = n, pi = pi — p 

ime* 


Letting 


ne 


.i 
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and 


2n 



eE 

kT 


equation 4 becomes 

4/ + 2 M |£«A* (5) 

ox 

where Af — *?f. Equation 5 may be written in the two forms 

A/ —kJ + 2m — * 0 (6) 

A ^A^ — kV + 2m — ^ = 0 (7) 

The distribution function / which satisfies equation 6 and the boundary 
condition is 

j -q> exp (-ms) exp (-yV + M 8 r) 


where r is the radial distance from the central ion. 
let m ■* 0 so that 


(/)m- 


c , exp (- xr) 
r 


To evaluate C , we 


( 8 ) 


When m = 0, the above equations lead to the original Debye-Hiickel 
expression in which Ohm’s law is valid. 

In order to obtain C' from equation 8 we recall that for a space charge 


density P, 




and 

. 4ir P 

7 D ? 


(9) 

Consequently, 

for (/)„-o, 




m _ 4vP° _ A* 0 _ 

" " TS? " +7 " ‘ 

, e exp ( — icr) 

^ Dr 



and 


so that 


C' = e/D 


f “ hr eXp ^ _MiE “ + m* O 


( 10 ) 
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This expression gives the charge density distribution as a function of 
x and r. What we are now interested in is the force, in the x-direction, 
due to this distribution. This force is obviously 

Kt ~if J Jp c °‘ ,iV 

With equations 9 and 10 we may reduce the above expression to 
K ‘-~ULZC eXP -- — Cm * r ~ . ooe 069 dr (11) 


and integrating, we obtain 


•K» 


eV / w 
D \2 



In 


w±l\ 
w — 1/ 


eY 


D 


y 


where v? *= 1 + 

M* 

In order to study the dependency of y upon h/k, we will let u = 
(m/'s/ c') X 10 -7 . Plotting y against w, we obtain a curve through the 
origin which approaches y — 0.5 asymptotically as u — ► <*>. This means 
that, for infinite field, K a = —e i t?/2D. Since u is proportional to E, 
we see that a decrease in y/tf acts in the same way as an increase in the 
external field. This is in agreement with the results shown graphically in 
figure 8. 

In order to obtain the conductance in any field, we apply the equation 
eE — pv + Kb = 0, so that 


2we 8 _ 2 eVn 
p pDE ^ 


( 12 ) 


where 2 nc*/p = X.. Since Falkenhagen found it inconvenient to proceed 
further in an explicit form, he tabulated the functions necessary for cal- 
culating the change of conductance with field. 

By numerical calculation it may thus be shown that A„ is approached 
as a limit at high fields. At lower concentrations this limit is approached 
at lower fields. Other characteristics of the Wien effect follow from the 
theory: Increasing the temperature displaces the curves toward higher 
field strength; a similar shift occurs on decreasing the dielectric constant of 
the solvent.” The theory accounts for the influence of valency on the 
field effect, in qualitative agreement with experiment. 

n Care should be observed in selecting the system to be studied. Solutions in 
which ion association occurs should be avoided, since such solutions exhibit the 
second Wien effect. For example, Bauer’s results in acetone seem to be in agree- 
ment with the first Wien effect (potassium iodide, for example) and they may well 
be measurably influenced by ion association. In the case of lithium bromide in 
acetone the influence of ion association is evident. 
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As has already been pointed out, all these effects are dependent upon the 
relaxation time 0, which decreases with increasing concentration, with 
increasing temperature, and with decreasing dielectric constant. It is 
worth while to mention that because of these characteristics of 0, the 
Wien effect is closely related to the Debye-Falkenhagen dispersion effect. 


3. The Falkenhagen-Fleischer theory for the frequency dependence of the 

Wien effect 22 


Debye and Falkenhagen (5) developed their dispersion theory of elec- 
trolytes at low fields by introducing the frequency into the Debye-Htickel- 
Onsager theory which relates to stationary low fields. In a similar manner, 
Falkenhagen and Fleischer (8) introduced the frequency into the Falken- 
hagen theory for stationary high fields as outlined above and thus de- 
veloped a theory of electrolytes for non-stationary high fields. In so 
doing, equation 6 has the complex term x 2 (l + io>0) instead of just k 2 . 
This leads to a differential equation which Falkenhagen and Fleischer 
have solved, giving 


AA 

AjhaO 


V K f 

2mrji y 


(13) 


where the symbols have the same significance as in the preceding theory, 
y', which is the real part of a certain function, 23 y*, is a very complicated 
expression, which Falkenhagen and Fleischer have expressed in tabular 
instead of explicit form. Their table contains the real part of y* as a 
function of ny/DT/c* and w@. In figure 15 are shown curves of y', the 
real part of y*, plotted against w© with ny/DT/c ' X 10“® as a parameter. 

Taking the qualitative nature of their theory into account, Falkenhagen 
and Fleischer conclude that their results are in good agreement with the 
experimental results of Bauer and Michels. However, the experimental 
material is so meager that a thoroughgoing comparison between theory 
and experiment is not now possible. It would seem of interest to study 
the frequency deviation of the Wien effect under conditions of field and 
frequency that correspond to the maximum in the y'-«0 plot. 


4. The Wilson theory for binary electrolytes 

In formulating his theory Wilson (39) obtained complicated Bystems of 
differential equations which he was able to solve and which give a complete 

** Falkenhagen (8) announces a future publication in which he will consider the 
theoretical treatment of the influence of high fields upon the dielectric constant of 
the solution. Experimental studies of this phenomenon have not been made as yet 
and will meet extreme experimental difficulties, at least for solutions of high con- 
ductance. 

Since the writing of this review, this theory has been published by F. Frdlich 
(Physik. Z. 40, 124 (1939)). 

n Falkenhagen and Fleischer do not give the function y * in their publication. 
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account of the first Wien effect. The solution that Wilson obtained is 
valid for low-frequency conductance phenomena of binary electrolytes in 
any field. According to this theory the limiting conductance does not 
reach A., since only the relaxation force disappears completely, leaving a 
small contribution due to the electrophoretic effect. 

In attacking this problem Wilson proceeded in the familiar way by 
considering a solution containing per cubic centimeter ni, n t , ... n, 
ions of species 1,2, ... s with charges e J( e,, . . . e. e.s.u., and two elements 
of volume dFi and dF, located by a vector r drawn between them. Con- 
sidering the time average concentrations of the j ion and i ion in the two 
elements of volume dF, and dF,, respectively, it is possible to show** that 

fa( r) = »/»y<(r) - n<n { ,{-t) = /<,(-r) (14) 

where n,<( r) is the time average concentration of the i ions in dF, while a 
j ion is in dF 1 , and n,/(— r) that of the j ions in dFi while an i ion is in 



SO 
to 0 

Fia. 15. y ' against «0, where the parameter A / fli X 10 -# « 4, 16, 47, 109, 

y (•* 

and 1550 (from the bottom up, respectively) 

dVi. The equations of continuity, in terms of these distributions, are, 
for the steady state of the solution, 

- d -~ = divi - r) Vi,( - r) + div s /,<( r)v,<(r) 

at (15) 

= div /«(r)[v,i(r) - Vi,(-r)] = 0 

Here v,i(r) is the total velocity that the i ion has in the vicinity of a j ion 
and is given by 

v,,(r) = — UikT grads In /,<(r) - w,e,- grad, ^<(0) — grad, ^,(r) 

where k< is the applied force, p< = 1 /«< the frictional coefficient, —uJcT 
grad, ln/,<(r) the diffusion velocity, — e< grad, ^<(0) the force due to the 
** See references 22 and 25 for details. 
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ion’s own atmosphere, and — e» grads ^,(r) the force due to the j ion and 
the latter’s atmosphere. There is likewise a similar equation for v«(— r). 
If these equations for v</(— r) and v,-,(r) are substituted into equations 15, 
the following equations of motion are obtained, 2 * 

div//,(r)[v,i(r) - v<,(-r)] = ui[k,-grad/,<(r)] - «y[k,-grad/y,-(r)] 

- n,-ra j [e,tt < AV'/(r) + e,-wyA^,(-r)] - fcT(w< + «,)A/, t (r) = 0 (16) 

If, further, it is assumed that the external field is acting in the direction 
of the positive x-axis, k t = Xei, k 2 = Xe s , and bearing in mind that 

ci = —e^ — e and ?u — n s = n, the following equations are obtained from 

equation 16: 

n 2 e{A[*i(r) + *i(-r)]} + 2kTAf u (t) = 0 (17) 

— n 2 e{A[^s(r) + *,(-r)]} + 2kTAf n {t) = 0 (18) 

Xe{<j>i + to*) — n s e{«iA^s(r) — «sA^i(— r)} 

ox 

+ kT(m + «*)A/«(r) = 0 (19) 

— Xe(wi + ws) — n 2 e{wiA^s(— r) — «*A^i(r)J 

ox 

+ kT{ut + »i)A/si(r) = 0 (20) 
As boundary conditions: For the flow, the vector field 

//.(r)[v„(r) - v<,(— r)] (21) 

must be without sources. For the ionic fields, Wilson gives the following: 

ft(r) - ei/Dr < <* | 

(22) 

ifo(r) ~ et/Dr < « 

^i(oo) = ^s(oo) = 0 (23) 

Equations 22 state that, since the space charge of the atmosphere is 
integrable, the potential ^y(r) at the point r will differ from e,/Dr only by a 
finite amount. 

The Poisson equations may be expanded into the forms 

A*i(r) = [— /u(r) +/«(r)l (24) 

M The expansion is accomplished by noting that the k’s are divergence-free and 
that the following simplifications have been made. The grad iKO) terms have been 
neglected and the fa terms in the grad ^(r) terms have been replaced by n/n,*, since 
fa — n<n, ~ e»ey. Both of these simplifications are permissible because the terms 
neglected are of the order e*, while the other terms are of the order e*. 
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Afcfr) = ^ [— /ti(r) +/»(r)] (25) 

with similar equations with (— r). In order to obtain one of the two 
symmetry relations for the potential, one Poisson equation is subtracted 
from another; this yields 

A[^(r) - r)] = I/»(r) — /«(— r)] ■ (26) 

A[^*(r) — ^j(-r)] = ^ l-/si(r) +/*i(-r)J (27) 

From equation 14 it is seen that 

Ato'aOr) — r) — ^i(r) + ^i( — r)] = 0 
Since ^,(o o) = ^»(«o) = 0, then 

Mr) - fr(-r) - Mr) + M-r) - 0 
or 

*»(r) ~ iM~r) - *i(r) - M-t) - 2F(r) (28) 

where F(r) is the odd part of the potential, i.e., the part due to ions of 

unlike sign. 

Since the boundary conditions for the flow stated that the vector field of 
the flow is without sources, the source-free vector vanishes so that 

n 2 e[}f/ 2 (r) + ^ a ( — r)] — 2/bT/ 2S (r) = Constant 26 

Since oo ) = n 2 , the Constant = —2kTn 2 . This gives, then, 

Mr) = /«(- r) = n 2 - [Hr) + *i(-r)l (29) 

Mr) = M-r) =n+ [*,(r) + *<-r)] (30) 

By means of the Poisson equations and these relations, the following 

equations are obtained: 

(A - «72)[*i(r) + *i(-r)] = t/u(r) +/«(-r)J 
(A - «V2)[*,(r) + H-r)] = [ Mr) +M~ r)l 

M Found by writing equation 21 in its expanded forms. 



400 


HARTLEY C. ECK8TROM AND CHRISTOPH BCHUBLZER 


These equations obviously lead to 

(A — <e*/2)[^i(r) + U— r) + ^*(r) + ^s(— r)] = 0 (31) 

From the boundary condition (22) it follows that 

U*) + ^i(-r) + ii(r) + ft(-r) < » 

As Wilson pointed out, equation 31 has no solution other than zero, which 
is everywhere finite and free from singularities; thus 

ih(r) + U~ r) + ^»(r) + U— r) * 0 

or 

*i(r) + ^i(-r) - -IMt) + U-t )] - 2r(r) (32) 

where r(r) is the even part of the potential. From equations 28 and 32 

iMr) = -M- r) - r(r) + F(r) (33) 

U~t) - -Ur) - r(r) - F(r) (34) 

These equations describe the correct symmetry conditions of the ionic field 
for a binary electrolyte 

Denoting the even and odd parts of the function /u(r) by G'(r) and V (r), 
we have 


/»(*) - M-t) « G(r) + C7(r) (35) 

/.*(— r) = /n(r) = G(r) - C7(r) (30) 

Using these relations and relations 33 and 34, equations 19 and 20 reduce to 

^Arw-AGW (37) 

*A7»-AI/«-g>^ (38) 


17 Jooa and Blumentritt in their work assumed that the perturbation of the distri- 
bution function, f (where / — f° + /') is small compared with/ 0 . This assumption 
is permissible only for low fields, where Ohm’s law is valid, and leads to 


and 


^i(r) + ^i(-r) « 0 
Mr) - ^i(-r) «* 0 


Blumentritt, by assuming that these expressions are valid at high fields, has limited 
her results in this way. Consequently her theory gives only the correct sign and 
trend of the potential effect. 
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Introducing the symmetry conditions 33 and 34 into 29 and 30, we obtain 
/u(r) = Mr) - n* - ~ r(r) (39) 


When equations 33, 34, 39, 35, and 36 are combined with 24 and 25, we 
have 


(4-.’/2)r(r) -tgGfr) 

' (40) 

4FW - Vto 

(41) 

From equations 38 and 41, 


te-,72Mr> = -g^ 

(42) 

and from equations 37 and 40 


(4-.72)C(r)-|‘gr«--g^ 

(43) 


By applying the operator (A — «*/ 2) to equation 38 and comparing with 
equation 42, we finally obtain 

(44) 


Thus we have an equation in G(x) alone. Once this G(t) is known, we can 
obtain U(t), r(r), and Y (r) from the equations 43, 40, and 41. 

With the boundary condition for the flow, equation 21 becomes 

/i*(r)[vi,(r) - v«(-r)] = Si 

/si(r)[v«(r) - v»(-r)] * Si 

Expanding these and using equations 33, 34, 35, and 36, we obtain for the 
symmetrical and asymmetrical parts of the flow 

S. = ^ grad r(r) - grad G(t) - ^ e. U(i) (45) 

S. = ^ grad F(r) - grad U(i) - ~ e ,<7(0 (46) 

where Sx * S»> + So*, Si — S t > ~ So*, S«< — S ( (wi + «i), S«< ■ S 0 (^i + «i), 
and e, is a unit vector. 
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Equations 42, 43, 40, 41, 44, 45, 46, together with the ionic boundary 
conditions 


lim [ gradn r(r) dS - 

Q-0 *0 (5) JJ 

lim [ gradn Y( r) cLS = 0 

Q-0 J{1 (8) 

where 12 is the volume enclosed by the surface S, constitute a system of 
differential equations. On solving these equations we obtain the desired 
distribution and potential. 

Since the field is parallel to the x-axis, cylindrical coordinates (x, p, 0 ) 
are more convenient to use because the angle variable 0 drops out. Then, 
by Fourier transforms, Wilson finally obtains 

M±t) = /ax(=Fr) - ^ jj- [| 

{ (Xi — a 2 )Ko(Xip) — (X* — a)Ko(\ 2 p) 1 cos (ax) da 
=fc j£ ~ oc 2 )K 0 (\ip) + (X| — a)K 0 (\tp) 

— ^ jRTo(Xsp)| sin (ax) daj (47) 

h.*(x) = ~ “ 2)Ko(Xip) + ^ - “WoM 

a y cog ^ 

± j[" j JXo(Xip) + *o(X s p) - 2Ko(X»p) } sin («*) da] (48) 

where 17 = e/kT, n = tjX, and £o(Xp) is a modified Bessel function of the 
second kind and zero order, and X = X(a) are functions of a alone. 1 * 


X 4 - a 
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These expressions will now be used in calculating the electrophoresis 
and the ionic field. 

To obtain the electrophoretic effect,® the calculation is carried out by 
using the classical hydrodynamical equation of Stokes for the velocity of a 
body in a viscous medium, 


Vo curl curl v = —grad p + F 
div v = 0 


(49) 


where qo is the viscosity, v the vector velocity, p the pressure, and F the 
force density due to the action of the external field X upon the ion atmos- 
phere. The problem is to solve equation 49. With Poisson’s equation, 

F, - — A* (50) 

To solve equation 49 we find a vector a, continuous everywhere, together 
with its derivatives up to the third order, and satisfying the equation 

q 0 V*(V 2 a) = F (51) 

Then 


v = —grad div A + V- VA = —curl curl a (52) 

and 

p = V 2 (div A) (53) 

Using equation 48 in equation 50, together with the above equations, 
the velocity of the central ion in the direction of the field axis is 

v x (0, 0, 6) = fix) (54) 

6V2*Vo 

where 

/(*) =* 1 + Vl + x* + V~2* 


- (1 + 2x 2 ) tan -1 y/2x + (1 + 2x J ) tan" 1 


+ 2x s 8inh -1 x| (55) 

and x — h/k. In figure 16a f(x) is shown plotted as a function of x. 

This figure shows very clearly how the complicated expression, f(x), 

*• See reference 22 and footnote 19 for a discussion. 
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varies with x, and that ^/(x) = \/2 and f(x) — 1. Consequently, 
if we let X * 0, we obtain the result of Onsager (22), whereas, for X = », 


t»,(0, 0, e) 


enX 


6\/2*Vo 

i.e., the electrophoretic effect does not disappear at infinite field. 



Fig. 10. The functions /(*) and g(x) plotted against x 

We obtain the added field acting on the ion in question due to the relaxa- 
tion force, 

SE( r) = -grader) 

by using the ^y(r) from equation 48. This gives the ionic field at r, and 
since we desire the field at the ion itself, we must evaluate the field at 
r = 0; i.e., 

SE(0) = 9x6X( 0, 0, 0) = grad ^,(r) 

Performing the indicated operations we have 

SX(0,0,e) = dz e ^g(x) ( 66 ) 

where 

»<*> - -»{-ovY+? + tan- 

+ y/2x — tan -1 \/2*| (®7) 

Since g(x) is another complicated expression of x, it is most convenient 
to show graphically the variation of g(x) with x. This has been done 
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in figure 16b, from which it is apparent g(x) = (2 - y/2)/Z and 

g(x) = 0. This simply means that for zero external field the expres- 
sion 56 reduces to the required finite value and for infini te field the ionic 
field vanishes. 

The final problem is to combine equations 54 and 56 in order to obtain 
the net velocity of the j ion in a field X. 

Vj = X | ' ejUj + 0 , 0) 

Here the first term on the right side is the velocity caused by the external 
and ionic fields, and 0,(0, 0, 0) is that caused by the electrophoretic effect. 
The mobility of the ion in practical units is 


Ui » i* - l?d_ 

’ 300 300.X: 


and since the conductance for infinite dilution A*,, = 96500 w*/, we have as 
the final equation 


A ,* = A«o / — 


kl‘« 

2 DkT 


A Ki g(x) - (321.67) 


|e/l * 


6\/2 


-fix) 


(58) 


vrjo 


In order to show that this equation reduces to the quadratic form for very 
low fields, we expand the equation 


AA 

A«_o 


X * < 1. 

- [«“•**> 


AA 
A*_o 

for values of a: 2 < 1. 


- 1 


~ - (643.34) 

Ajr-o 6 v 2 ttjq A#-o 

Neglecting terms of x 4 and higher, we have 30 


2 DkT Asmjo 


+ (0.0243) (643.34) 


[e/| ic 


6\/2 


iryo 




(59) 

(60) 


We may quantitatively test the Wilson theory by means of Wien's 
data for magnesium sulfate (35, 36) . The A«_o — y/c plot for magnesium 
sulfate is linear but does not have the theoretical slope, indicating a slight 
degree of incomplete dissociation. This manifests itself in such a way that 

in equation 59 *£2 ^ 0. It is therefore necessary to add a con* 

Am— a 


stant to equation 59 which has such a value that for X = 0 the curves pass 
through the origin. Equation 59, together with this constant, and equa- 


M The Jooe-Blumentritt theory gives for binary electrolytes 0.0138 instead of 
0.0172 and 0.0073 instead of 0.0243. 
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tion 60 were used in the calculations. In figure 17 are shown the experi- 
mental points as well as the curves computed according to Wilson's 
theory. In this computation the constants used for the high-field region 
are c = 0.37 X 10“*, Aj»«o = 105.6, A w = 114; and in the low-field region 
c = 1.22 X 10~ 3 , A*«o = 99.0, A* = 114. In all the experimental work in 
Wien's laboratory the temperature was always about 18°C., unless other- 
wise specified. In our calculations we therefore assumed D * 81 and 
= 1.05 X 10~ 2 c.g.s., corresponding to a temperature of 18°C. The 
deviations at high fields are due to the superimposition of the dissociation 
field effect, which is insignificant at the lower fields. Unfortunately, ac- 
curate data are not available for other electrolytes, and it is therefore 
impossible to say how generally a similarly good agreement will be found 
in the case of other electrolytes. 



KV/cm. 

Fig. 17. Aqueous solutions of magnesium sulfate. •, high field; O, low field; 
, theoretical curves 

The theoretical equation (59) is extremely sensitive to the constants. 
It should therefore be emphasized that, in further studies in this field, 
accurate values be recorded for concentration, conductance corrected for 
solvent conductance, and temperature. 

B. The theory of the dissociation field effect 

In an attempt to account for the results obtained by Wien and his 
coworkers for weak electrolytes, Onsager (23) made a detailed study of the 
mechanism of association and dissociation of ions. He assumed that 
these processes are governed by the laws of Brownian motion. The 
distinction between free ions and ion pairs is the same as that of Bjerrum 
(2), who adopted the convention that two ions at a distance r < q are 
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considered as an ion pair. The potential of the average force between two 
such ions, i and j, is then 


Wji(r) = f/ei/Dr for r < q (61) 

where q — eje,/2DkT. For r > q, this potential becomes 

,, eta e ( ‘ 9 - r) 

- D (r+ ^ m 

Onsager’s considerations apply primarily to cases where the concentration 
of free ions is sufficiently small, so that 


k ( 7 = — KeiC 2 /2DkT « 1 (63) 

where 

K* = 4 ir(nief + n t e\)/DkT (64) 

and rii and n 2 denote the concentration of free ions. 

When no external field is present, the total concentration of ion pairs 
equals 

v,* = vij = m J fiji(r)4irr 2 dr (65) 

where 

na = rue (66) 

is the density of i ions in the neighborhood of j ions, and where a is the 
distance of closest approach of the two ions. 31 It is assumed that the ions 
are rigid spherical point charges, the sum of whose radii is a. 

When an external electric field X is applied, equation 66 is no longer 
valid. In the presence of such a field no true equilibrium exists between 
the ions and ion pairs, and it is accordingly necessary to consider the 
kinetics of dissociation and recombination of ions by applying the equations 
of Brownian motion (22, 25). The distribution function which results 
and which is considered to be applicable is the same as that given by 
equation 14. Again we have for the stationary condition, 

div 8 [/,<(r) {v.i(-r) - v,-,(r) }] = 0 (67) 

where v, t (r) — v,y(— r), the mean relative velocity of the two ions at a 
distance r, is given by 

▼*<(r) ~ Vii(-r) = «<[c,X + k,<(r) - fcTgrad 2 In/ 7 -i(r)] 

- «,[e/X + k,/(— r) - kT gradi In /</(— r)] (68) 

11 For a critical discussion of ion pairs and their distribution function, see Fuoss 
(Trans. Faraday Soc. 80, 967 (1934)). 
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Here k ,<(r) and k,,(— r) denote the average forces acting on the ion in 
question due to interactions with other ions. Assuming equation 63, the 
screening effect of the ion atmosphere is negligible so that 

k,v(r) = -grads wait) 

(69) 

k <y (— r) = -gradi wait) 

where w 9 t(r) = e^eJDr . Equations 68 and 69 lead to 
/(r)v(r) S /(r)Mr)-v,(-r)] 

= fcT(w, + «,) grad / + / grad + 2/fcr^ (70) 

where g = ~e\ei/2DkT > 0 and 

2j8 = | X(eio)i — 62^2) \/k 7 \t*)i + W2) 


The frame of reference is such that the jj-axis is parallel tQ the field X and 
> 0 and Xe t < 0. Therefore, equation 67 becomes 

div grad / = grad /-grad ^2/3x + ^ (71) 

Furthermore, equation 70 with the equation of continuity yields the net 
rate of entry of pairs of ions into the interior (12) of any closed surface ( S ) 
in the r space, namely, 

jf ^ dfl = (< 0 ; + Ui )kT f s [grad, f-f grad* + 2 (3*)] dS (72) 

where grad n denotes the normal component of the gradient at S. 

If Bjerrum’s picture correctly describes the phenomenon of ion associa- 
tion, equation 71 must be solved with the boundary conditions 

/ = n,n< (r = oo) (73) 

and 


/(r)v(r) = 0 (r = a) 

whence 

gradr / = / ( 2 P cos 6 — for r = a (74) 

Since the boundary condition given by equation 74 is complicated, Onsager 
applied it under the simplifying assumption r ** 0. 

The solution of equation 71 is the subject of another paper by Onsager 
(24), but instead of solving this equation to satisfy both conditions 73 and 
74, he proceeded to calculate separately the parts of / that correspond 
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Individually to the processes of dissociation and recombination. To do 
this, he obtained the rate constants KA and A in the chemical kinetic 
equation 

5 - Amm - KA Vii (75) 

which is associated with the reversible reaction A + ,B _ A* + B~. 
The evaluation of these kinetic constants is equivalent to that of Langevin 
(15). Under the assumptions made, complete dissociation is represented 
by random distribution, i.e., 

/(r) - njiti (76) 

Accordingly, it follows from equations 72 and 76 that the rate of recombina- 
tion is 


Anflii = 8wqkT(ui + w<)n/n< (77) 

whence for a binary electrolyte e l = — e», 

A = ^ (e*«i + ejo>j) (78) 

It is now necessary to consider the case where the field X vanishes, in 
order to obtain that part of the distribution function which represents the 
associated ions. In connection with equation 62, Onsager points out that 
the factor e~" is due to the gradual screening off of the electric field of an 
ion by the ion atmosphere and that neglect of this factor would lead to an 
infinite total space charge. Taking into account assumption 63, it is 
possible to neglect this factor up to some distance, r', which fulfills the 
condition 


so that 


a <K r* <5C 1/k 


(79) 


Wj<(r) <= e^i/Dr for r < r' 

Now, according to condition 65, 76, and 79, the part of the distribution 
function representing the associated ions is 

f(r) = nflii(e ulr - 1) - r y< iC(0)(c ,,/r - 1) (80) 

This equation is the only solution of equation 71 that satisfies the following 
set of boundary conditions: (1) f = 0 for r «■ « ; (£) there is a source of 
the given yield at the origin; and ( 8 ) the flow from the origin through 
any space angle is finite. Onsager states, however, that the solution of 
equation 71 for the field X ^ 0 under these same boundary conditions 
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involves elaborate analysis, but that the unique result is expressed by the 
definite integral 

/(r, e) = °- f*" 2 ' Jol(-8p8) m cos J0]e“* /r ds (81) 

r Jm — 0 


where Jo[ ] denotes the ordinary Bessel function of order zero. If r is 
small, the upper limit 32 may be replaced by *> to yield the result 


/(r, e) ~ge 2qr e tpTO °' 9 (82) 

Onsager further reduces this expression by replacing e^ T co " 9 by unity, 
stating that the error introduced thereby may be of the same order of 
magnitude as that caused by neglecting the hydrodynamic interaction of 
the ions. Comparing the resulting simplified expression with equation 80, 
where e 2qlT » 1, it follows that 

= g/K( 0) (83) 

It is now necessary to evaluate the rate of dissociation by substituting 
the distribution 81 into the rate equation (72). If the integral in equa- 
tion 81 is written / = / — / , only the integral — / contributes 

Jo Jo J 2q J 2g 

to the flow, as Onsager points out, so that for small r, 

-K{X)Av h = -8 rqkTfai + o> t )g ?) 

2v— 0? 

Using equations 78 and 84, this reduces to 

K(X) _ = m 


Here 


W) 2 y/^fq 


F{b) « 1 +b+ | + 


for small values of b, or 


F(b) 


Vi 


e mUt r 
(86)-*'«|_ 


1 - 


15 



(84) 

66 +••• 
56700 

(85) 

105 

1 r/OltM/211 

1 (86) 


8(86) l/4 128(86) : 

for large values of 6. Equation 84 gives the increase of the dissociation 
constant due to the field, where the parameter 6 is 

\X\e* 


* __ no m 

0 « 2 pq — j ZiZt 

«i + <a 2 

M The error thus caused is negligible if 


2Dfc 2 r 2 


? » 1 
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Before proceeding further, it may be well to point out that equation 84 
is an approximation which results on (/) assuming a = 0 for the boundary 
condition (74), and (£) obtaining equation 82 by replacing the upper 
limit in equation 81 by « and setting e ifir °°* e = 1 in equation 82.** 
It may also be noted that the earlier equation (71) itself expresses the 
result of a simplified picture: ( 1 ) The hydrodynamic interaction of the 
ions is neglected, which may cause important errors in any solvent if the 
field is very high. (2) The shielding of the Coulomb forces due to the 
ion atmosphere has been neglected. 

Physically, equation 84 states that while the dissociation of ion pairs 
is increased by the field, the recombination of ions remains unaffected 
(see equation 77). Considering the case of binary electrolytes, it is seen 
that 

j C “ 2 - K « K 0 F(b) (87) 

For small values of 5, a good approximation is 



where the increase of conductance X is assumed proportional to the dis- 
placement of the dissociation equilibrium. 

When the ions have the same charges, and the total number of ions is 
small compared to that of ion pairs, i.e., a <3C 1, then 

+ + (89) 

It is of interest to point out that according to equation 89 the concentra- 
tion of the electrolyte and the dimensions of the ions, as well as the equi- 
librium constant, have no influence on the value, of X/Xm. In other 
words, for a given field this ratio depends only upon the charges on the 
ions, their mobility, the dielectric constant of the medium, and the tem- 
perature. Considering the case of a 1:1 salt under the action of the 

** See footnote 32. If equation 71 is assumed valid for all distances, r ■* a, and if 

< f — Sg(l— <* 

o*(l - a y/Wq) 6 

is small, the boundary condition for small r is immaterial. Since the errors caused 
by these simplifying assumptions are governed by values of 0 and q , we must con- 
sider the limits of these quantities. Since the intensities of the electrical field do 
not exceed 500 kilovolts per centimeter, 0 is limited to 0 < 0 < 10 7 cm. -1 However, 
since q depends on the valence type of the electrolyte and on the dielectric constant 
of the solvent, considerable error may appear in equation 84 in solvents of high 
dielectric constant like water and acetone. 
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extreme field of 500 kilovolts per centimeter at 25°C., tbe resulting value 
obtained is X/X*_o = 1.37 for water and 121 for benzene. This may 
account for the large effect observed by Gyemant. 

Onsager compares the consequences of this theory with available experi- 
mental data by means of equations 87 and 89, and discusses the results at 
some length. In figure 18, reproduced from Onsager’s paper, are shown 
curves based on the experimental values of Schiele (28) for acetic and 
chloroacetic acids in aqueous solution. As may be seen from the figure, 
there is excellent agreement between the theoretical curve as drawn and 
the experimental points, except at low fields where deviations appear. 
This discrepancy is due to various simplifications and assumptions intro- 
duced in the course of developing the theory. 

Necessary data are lacking for solutions in solvents of quite low didec- 



Fia. 18 . O, acetic acid; •, chloroacetic acid; , theory 

trie constant. Fuoss and Mead' 4 have measured the conductance of solu- 
tions of tetrabutylammonium picrate in diphenyl ether at 50°C. up to 
potentials of 20 kilovolts per centimeter. With a solution having a con- 
centration of 7.14 X 10~* moles per liter, they found that the conductance 
curve closely approximates the theoretical curve. They found, however, 
contrary to theory,* 4 that the slope of the curve is a function of concentra- 
tion and at other concentrations the variation amounts to as much as 
40 per cent. 

M These experiments have been carried out in the Research Laboratories of the 
General Electric Company and are as yet unpublished. We are indebted to Dr. 
R. M. Fuoss for this information. 

" Onsager recently stated that perhaps by a more detailed analysis his theory 
could be extended to account for this concentration effect. 
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IV. CONCLUSION 

The deviations from Ohm's law for electrolytic solutions, discovered by 
Wien and exhaustively investigated by him and his coworkers, may be 
accounted for by the present theory of Coulombic interaction between the 
ions. The agreement between experiment and the theory of Wilson is 
remarkably good, considering the complexity of the hydrodynamical equa- 
tions involved in the theoretical treatment and the difficulties encountered 
in the experimental determinations. 

Although the present experimental material includes results covering 
most of the variable parameters involved, further studies of the depend- 
ence of the general Wien effect upon viscosity, dielectric constant, and 
temperature are greatly needed. The influence of frequency in the high- 
frequency ranges requires further and systematic investigation, particu- 
larly in view of the recent theory of Falkenhagen and Fleischer. 

It is well established that, in solutions of weak electrolytes, the field 
effect is much larger than in solutions of strong (completely dissociated) 
electrolytes. The parallelism found between the field effect and the 
strength of the electrolyte leaves little room for doubt that the external 
field increases the number of free ions in the solution. Onsager's theory 
of the field effect in solutions of weak electrolytes accounts remarkably 
well for the observed experimental results in the few instances where the 
necessary data are available for making the comparison. Investigation of 
the field effect in solutions of incompletely dissociated electrolytes is much 
needed, particularly for solutions in solvents of low dielectric constant 
where the phenomenon is greatly simplified owing to the low concentra- 
tion of free ions. 

The investigation of the influence of the electric field on the properties 
of electrolytic solutions, theoretical as well as experimental, has served 
not only to disclose many new and interesting phenomena, but also to 
place the theory of these solutions on a thoroughly secure foundation. 
The ions as well as the products of their interaction have taken on a degree 
of physical reality, the lack of which previously made it so difficult for 
many chemists to accept the ionic theory. 

Gratitude is expressed to Professors Charles A. Kraus and Lars Onsager, 
who have read the manuscript and have offered helpful suggestions. 
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